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Preface to the Series

The RIKEN BNL Research Center (RBRC) was established in 1997 at Brookhaven National Laboratory.*
RBRC is funded by “Rikagaku Kenkyosho” (RIKEN, The Institute of Physical and Chemical Research) in
Japan and the United States Department of Energy’s Office of Science.

A Memorandum of Understanding between RIKEN and BNL, initiated in 1997, has been renewed in 2002,
2007 and 2012.

RBRC is dedicated to the study of strong interactions, including spin physics, lattice QCD and relativistic
heavy ion physics through the nurturing of new generations of young physicists. The RBRC founding Director
T.D. Lee and the second Director N. P. Samios conceived and implemented this vision, which has been
maintained and further developed down to the present day.

The RBRC research program has theory, lattice gauge computing and high-energy experimental nuclear
physics components. Recently, an astrophysics/cosmology component has been added. The RBRC Theory,
Computing and Experimental Groups presently comprise 48 researchers. Positions include full-time RBRC
Fellows, half-time joint RHIC Physics Fellows and full-time postdoctoral Research Associates. The RHIC
Physics Fellows hold joint appointments with RHIC and other institutions, where they have tenure track
positions. To date, RBRC has over 101 graduates (Fellows and Research Associates) of whom approximately
67 have already attained tenure at major research institutions worldwide.

In 2001 a RIKEN Spin Program (RSP) was initiated at RBRC. The research staff comprises joint
appointments in theory and experiment between RBRC and RIKEN, including RSP Researchers, RSP
Research Associates and Young Researchers. They are mentored by senior RBRC Scientists. A number of
RIKEN junior Research Associates and Visiting Scientists also contribute to the program.

In support of the lattice gauge program at RBRC and elsewhere, a series of high-performance computers has
been designed and built by researchers from Columbia University, IBM, BNL, RBRC and University of
Edinburgh, with the U.S. DOE Office of Science providing infrastructure support at BNL. To date, the steps
in this program have been: QCDSP (0.6 TFlops, 1998-20006), which was awarded the Gordon Bell Prize for
price performance in 1998; QCDOC (10 TFlops, 2005-2012); QCDCQ (600 TFlops, 2011-present). Recent

K°—nm results were awarded the Ken Wilson Prize in 2012.

A very important activity of RBRC is its active Workshop series on Strong Interaction Physics, with each
workshop focused on a specific physics problem. A list of proceedings of all past Workshops can be found on
the RBRC website (http://www.bnl.gov/riken/proceedings.php). The talks from many of the recent
workshops can be accessed from the link at the top of the Proceedings page. To date, about 119 Workshops
have taken place; the full proceedings of most of the workshops from 2005 — 2014 are available at this link.

S. H. Aronson, Director
March 2015

* Work Performed under the auspices of U.S.D.O.E. Contract No. DE-SC0012704
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Introduction

The Relativistic Heavy lon Collider (RHIC) at Brookhaven National Laboratory has concluded
phase | of its Beam Energy Scan (BES) program. The goal of the RHIC BES program is to
explore the phase diagram of strongly interacting matter at high baryonic densities and search for
the QCD critical point by performing systematic scans at lower beam energies. Results from the
RHIC BES | program are intriguing. There indeed seem to be several signals suggesting a
softening of the equation of state, which may result from a first-order transition, as well as
possible indications of a critical point. In light of these intriguing results, several accelerator and
detector upgrades have been planned to conduct the phase 1l of the RHIC BES during the period
2017-2020. The goal of the RHIC BES 11 is discovery of the QCD critical point by performing
high luminosity scans within the interesting beam energy range revealed through explorations at
RHIC BES I.

Past experience has proven that even qualitative understanding of the physics encoded within the
RHIC experimental data requires substantial theoretical input based on QCD calculations as well
as detailed, quantitative modeling of the medium created at the RHIC. However, the coordinated
theoretical and modeling efforts necessary for comprehensive understanding of the RHIC BES

data is presently lacking.

The purpose of this workshop was to gather a small group of expert theorists, phenomenologists
and experimentalists to identify the necessary theoretical and modeling developments required
for RHIC BES, to delineate a clear path towards extracting concrete physics utilizing the RHIC
BES data, and to Kkick-start collaborations among theorists, phenomenologists and
experimentalists to ensure that the necessary theoretical and modeling developments can be
achieved before the start of the RHIC BES Il experimental program.


http://www.bnl.gov/rhic/
http://www.bnl.gov/
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Dynamical modeling of the chiral magnetic effect

in heavy-ion collisions
[arXiv:1412.0311]

Yuji Hirono [Stony Brook Univ.]

Collaborators: T. Hirano[Sophia U], D. E. Kharzeev [SBU/BNL]



Anomalous transport in heavy-ion collisions?
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Anomalous transport in heavy-ion collisions?

? Outline

1. Physical meaning of obs.
2. EbE anomalous hydro
3. Results

(cos(¢F + ¢y — 2Urp))




Charge dependent correlations [STAR]
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Charge dependent correlations [STAR]




Charge dependent correlations [STAR]




Charge dependent correlations [STAR]




Charge dependent correlations [STAR]




Charge dependent correlations [STAR]
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Anomalous transport in heavy-ion collisions?

Event-by-event anomalous hydro
Initial random 715
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Event-by-event anomalous hydrodynamic

model
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Anomalous hydrodynamics equations

- Non-dissipative anomalous fluid in 3+1D

. no viscosity/Ohmic conductivity

- Background electromagnetic fields

9, T

it =

F*"q,




Anomalous hydrodynamics equations

- Constitutive equations

it = nut +|kpB*| Jji = nsut HEpBY
CME CSE

_ L U . U515 [Son & Surowka (2009)]
ERB — CNE) (1 . +p> esB — Cu (1 — o —|—p> [Kalaydzhyan & Kirsch (2011)]

. Equation of state - conformal
- massless quarks & gluons
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MC Sampling of particles
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Anomalous transport in heavy-ion collisions?

VIEvent-by-event anomalous hydro
Initial random 715
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Sources of axial charges

* Color flux tubes Spatially random

* Electromagnetic field | . B Random & Coherent

« QCD sphalerons Diffusive & fluctuation

16
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Axial charges f

rom color flux tubes

coll (T ): # of pairs
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Axial charges from color flux tubes

S\LT,Ts) =




Axial charges from color flux tubes

Ncoll(mT)
X;eq1+1,—-1
j €1 P () = O Y oXx
Sign of E¢ . B“ j=1

23



Axial charges from color flux tubes

Xj S {—|—1, —1}
Sign of E¢ . B“ j=1
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C,,, estimated by anomaly equation
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Anomalous transport in heavy-ion collisions?

VIEvent-by-event anomalous hydro
Initial random 75
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Correlations

same-charge A¢i" = ¢; — Yrp

((v%)?) < ! Z COSA¢?COSA¢?>

P
Ma™2 o; j>es,

< lP Z SinA¢?SinA¢?>

Mo®2 ;iSes,

((a$)")

opposite-charge

<vaf> <M1M5 3 COSA¢gcosA¢§>

1€S4 jES@

<a‘f‘af> = <M 1MB Z sin A¢y sin A¢§>




. N2
Correlations: ((v;)"), ((a7)")

0.00018 | | ; .
0.00016  Non-anomalous Anomalous -

- b=7.2(20-30%)

0.00014 | - - RHIC energy
% - 100k events

00001 2 B = 'eBmax = (3m7r)

2

0.0001 [ i
8e-05 [ % -
6e-05 i
4e-05 |- % _
2e-05 % .




Why v1 fluctuation also become larger?
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(cos(¢% + ¢ — 2Wgp)) (same) vs centrality
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(cos(¢% + ¢f — 2Wgp)) (Opposite) vs centrality
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Background effects

* Transverse momentum conservation [S. Pratt, S. Schlichting, S. Gavin, PRC(2011) ]
[ A. Bzdak, V. Koch, J. Liao, PRC(2011) ]

[ Y. Hori, S. Schlichting, et al [1208.0603] ]
* Cluster particle correlations [ . Wang, PRC(2010) ]

In our current simulations,
multi-particle correlations are not imposed

d° N ptdo
E——(p) = i
o) = [

Cooper-Frye formula = single-particle distributions

35



Anomalous transport in heavy-ion collisions?

Outlook

 pt & eta dependence / parameter dependence (Vs, tau_B, ...)
 Back reaction/Dissipations/CVE/realistic EOQS/...
» Better experimental observables
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Possible improvements

N tau=0.6 T [GeV]  tau=0.6

-15 -10 =5 X(f;Jn) ) 10 15

t >

.. Anomalous .
Initial state . Freeze-out Correlations
hydro evolution
- n5 profile - More realistic EOS - Multi-particle corr. - Differential analysis
based on CGC with mu & mu5 dep. - eta, pt

- Charge separation - Chiral vortical effect

in glasma - Backreaction to EM field

- Dissipational effects
- viscosity
- conductivity

- Parameter dep.
- Cmu5, B, Vs

- New obs. insensitive
to background
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Backup slides



Background magnetic fields

b 2 y?' 172 T
B,(t,ng,x1) = Bp——exp | —— — — - —
y( "l J') OQR p o2 05 07273 ™

B, (Tin,0,0) ~ (3m)?
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(cos(¢p$ + ¢ — 2Wgp)) VS centrality
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Electromagnetic fields

b 2 2 n? o7
By(1,ms,x1) = By—= exp [ J ' ]

2R oz 02 0 7B

Y b r?  y? T n?
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Harmonics v,

* Azimuthal angle distribution of observed particles

Ccii_]; =N _1 +;2@cosn(¢— v,)

* Represents the shape the flow

SV

“directed” “elliptic” “triangle”

42



Charge dependent correlations [STAR]
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MC-Glauber initial condition
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Beam energy scan
using a viscous hydro+cascade model

lurii KARPENKO

Frankfurt Institute for Advanced Studies/
Bogolyubov Institute for Theoretical Physics

Theory and Modeling for the Beam Energy Scan, February 26-27, 2015

IK, Huovinen, Petersen, Bleicher, arXiv:1502.01978
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for
Helmholtz International Center

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 1/22



Introduction: heavy ion collision in pictures

https://wuw.jyu.fi/fysiikka/tutkimus/suurenergia/urhic/animl.gif/image_view_fullscreen

incoming nuclei dense medium (QGP) phase transition

initial stage of the reaction expansion hadrons

Hybrid model: | initial state | + ’ hydrodynamic phase ‘ + \ hadronic cascade \
N thermalizationJ N particlization -/

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 2/22


https://www.jyu.fi/fysiikka/tutkimus/suurenergia/urhic/anim1.gif/image_view_fullscreen

This study’s motivation: apply a hybrid for RHIC BES, FAIR/NICA

to understand whether fluid is created at lower energies,
find its transport properties (n/s,...) and constrain its EoS.

For Beam energy scan, we need
a more elaborate model (vs. full RHIC):

T . .
quark—gluon plasma @ 3D (non-boost-invariant)

. fluctuating initial state

T b-- _r_aln_d_ci'o_sio_v?r_ " critical point X
c mesonic matter » CGC picture does not work as
good as at full RHIC!
hadronlc first order transition @ Baryon and electric charge
densities
) » obtained from an initial state
baryonic matter model

He = » propagated in hydro phase and

included in EoS
» taken into account in
particlization procedure

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 3/22



The model

BES in a viscous hydro+cascade Theory and Modeling for BES 3/22



Initial (pre-thermal) phase

?t

minimal hydro starting time vs collision energy

wu

w

! . S 25
: hydro phase g £ E
w pre-thermal phase i 2;7
~—— (UrQMD) E
z 1.5+
incoming nuclei 1;
0.5
o0& . . M L ‘102
10
Vs [GeV]

Pre-thermal phase: UrQMD cascade ',
which involves PYTHIA for /s > 10 GeV scatterings

The scatterings are allowed until T = V12 — z2 = 1, (red curve), o= 5—‘2

M. Bleicher et al., J.Phys. G25 (1999) 1859-1896. http://urqmd.org/

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 4/22


http://urqmd.org/

“Thermalization”

At T = 15 we deposit the energy/momentum P%, baryon and electric charge
NO of every particle into fluid cells:

AP =P C-exp (—(8xF + AyP)/RE — A28 /F3 )

ANG = N°- C-exp (—(xf + AyP)/RE — A28 /F3 )

Some typical initial energy density profiles in the transverse plane:

energy density [GeV/ImS] energy density [Ge\//lmQ] energy density [Ge\//fmal
8 25 8 8
6 6 6
4 20 4 4
- 2 15 T 2 T 2
£ o E o E o
> 5 10 - 2 B
-4 5 -4 -4
-6 -6 -6
-8 0 -8 -8
8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
X [fm] X [fm/c] x [fm/c]

Yuriy Karpenko (FIAS/BITP) Theory and Modeling for BES 5/22



Hydrodynamic phase

The hydrodynamic equations: local energy-momentum and charge
conservation

O THY =0, T T4, T 417, T =0, 3yN" =0 (1)
where (we choose Landau definition of velocity)

T =eutu” — (p+M)(g" — u*u) + " (2)

Evolutionary equations for shear/bulk, coming from Israel-Stewart formalism:

v —als 4
<Uu"dymhv > = —17”3 — g7 o (3a)
T

* Bulk viscosity ¢ = 0, charge diffusion=0

vHLLE code: IK, Huovinen, Bleicher, Comput. Phys. Commun. 185 (2014), 3016
http://cpc.cs.qub.ac.uk/summaries/AETZ_v1_0.html

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 6/22


http://cpc.cs.qub.ac.uk/summaries/AETZ_v1_0.html

Equations of state for hydrodynamic phase

@ Chiral model
» coupled to Polyakov loop to include the deconfinement phase transition
» good agreement with lattice QCD data at ug = 0, also applicable at finite
baryon densities
> (current version) has crossover type PT between hadron and quark-gluon
phase at all ug
@ Hadron resonance gas + Bag Model (a.k.a. EoS Q)
» hadron resonance gas made of u, d quarks including repulsive meanfield
» the phases matched via Maxwell construction, resulting in 15! order PT

3 3
C —— HRG+BM EoS E
E E ng/(¥=0.33

251 —— Chiral EoS 25—
— 2 — 2=
E E T
s F s F
§ 5 g1
= [ = [
1~ i
05 05

L L L Il L E L L L L L

2 6 8 10 2 6 10

D[GeVifm?] D[GeVifm?]

refs: J. Steinheimer, S. Schramm and H. Stocker, J. Phys. G 38, 035001 (2011);
P.F. Kolb, J. Sollfrank, and U. Heinz, Phys.Rev. C 62, 054909 (2000).

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 7/22



Fluid—particle transition and hadronic phase

€ = g5y = 0.5 GeV/fm® (blue curve), when the system is in hadronic phase:
{T% N, N3} of hadron-resonance gas = { 7%, N, N3} of fluid

> Momentum distribution from
" Landau/Cooper-Frye prescription:

cascade (UrQMD)
Wit == sy #n
N / p‘)—d3p’ :/(ﬁ.eq.(x,p)+6f(x,p))p“d6u
hydro phase
\ pre-thermal phase

W (UrQuD) . > Cornelius subroutine* is used to
incoming nuclei Compute AG[ on tranSIthn
hypersurface.

> Hadron gas phase: UrQMD cascade
is employed after particlization surface.

*Huovinen and Petersen, Eur.Phys.J. A 48 (2012), 171

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 8/22



Results 1

From the first round of simulations: fixed n/s, Chiral EoS

The rest of the parameters are fixed to their reasonable values:

R, =Ry =1fm,
To = max{%,ﬁm/c}
&w = 0.5 GeV/fm?3

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade Theory and Modeling for BES 8/22



Results: Eizp = 40 A GeV Pb-Pb (SPS)

v/Snn = 8.8 GeV, 0-5% central collisions (b=0...3.4 fm) (Chiral EoS only)

[ E,=40AGeV, central - - ideal r E.,=40AGeV, central  --- ideal
- — 1/s=0.2 10° — n/s=0.2
120~ P -+ pure UrQMD E M 0 e pure UrQMD
r * NA49, - E *  NA49, -
100 & NA49, K+ _— + NA49, K-
L 1 NA49, K- 3 104 2 NA49, K+
L S
5 °F BN
z T = L
® s 5» 0=
C e E
L z F
40— S L
C 1
a :
| —— | ol by e by e by
-4 4 10 0 0.2 0.4 0.6 0.8 1 1.2

mpm (GeV]

@ viscous entropy production
@ viscosity causes stronger transverse expansion
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p. spectra, (s=62.4 GeV - - -- ideal, c=0-5%
T 1s=0.2, ¢=0-5%

*  PHOBOS, c=0-15%, %
s PHOBOS, c=0-15%, K
A PHOBOS, c=0-15%, p

10°

B

T

P, spectra, (s=200 GeV, 0-5% central
—n/s=0.2
---ideal
* PHENIX, n-
4 PHENIX, K-
» PHENIX, p

P

0.2 ‘0.4‘ ' ‘06 0.8 p;[\e;v‘]‘12 ‘1.4 107 0.5 ' 1 ‘pT[G‘eV]‘ 1
T O,/ P

dN/dn+pr from existing RHIC data s00l {HHH{WHHHH
(v/Snv = 19.6,62.4,200 GeV Au-Au) ook

S 00
Fine tuning is required for every s 300/
energy individually to reproduce 200 (=200 Gev
dN/dn and v, (see next slide). o T heson

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade
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vo and vz at \/syny =7.7...200 GeV Au-Au

02 A STARVEP}, \5=7.7 GeV
018 v STARV,{EP), 15196 GeV
O STARV,{EP}, V5=39 GeV
0.16| 15=7.7 GeV/
15=19.6 GeV

V5=39 GeV
4,V5=7.7 GeV.

4,V5=19.6 GeV
W/s=02,R=1.4,/5=39 GeV

all charged vz{EP), ¢=20-30%

°
2
BT T T I T T T T T T
R AR AR R AR

08 1 12 14 16
p, [Gev]

18

0.08|

0.06

x
v
v

'

" V{EP}, 20-30% central

¥ STAR VZ{EP;
A STAR V;{EP|
- ideal
n/s=0.2

“““ pure UrQMD

VS [GeV]

@ shear viscosity suppresses the elliptic flow (as expected)
@ the suppression is too small for /s < 30 GeV and too large otherwise

@ triangular flow is similarly suppressed

Yuriy Karpenko (FIAS/BITP)

BES in a viscous hydro+cascade
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Results 2:

parameter adjustment to the data in BES region using Chiral EoS

Il Observables in the model strongly depend on the details of the initial state
for hydrodynamic expansion, because the hydro phase is shorter compared to
full RHIC/LHC energies
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Parameter dependence

Response of the observables: 034

34 T —— change of RJ.

o3k eft - c:ange oIR

__dN __ _ _mr i S N - change of [L,,

@ Tegr from g @ = Cexp( Teﬁ) fit osk. . - 2 hangeof v,
@ dN/dyin |y <0.2| <0
X Lo §0.26:§
@ pr integrated elliptic flow v»{EP} 50245
. .o 0.22—
to the change of every individual parameter ~ F

with respect to its default value.
Defaults: n/s=0, R, = Ry =11m,

= 1 1 1 1
0.6 0.8 1 12 1.4 16 1.8 2

Eit = 0.5 GeV/fm3 . relative change of the parameter
E STAR v,{EP} 1100 dN/dy| change of R
E — v, r y| —
0.09 E —— change of R, r =0 _a- change of Rl
F -a- change of Rn 1000(— A = change of [},
0.081~ - change of L, r 7 e~ change of T,
[ .. -e- change of 1, L
£ 900[— -
0.07F 2 r *
~ F = f ,
B [ 3 L .
r Z 800 T
0.06— st RN
E Ge - .
0.051— 700
L [«
0.0 V,{EP}, {5=19.6 GeV, 20-30% central 600 o
=] L L L L L L Il £l 1 1 1 1 L L Il
0.6 0.8 1 12 1.4 1.6 1.8 2 0.6 0.8 1 1.2 14 1.6 1.8 2

relative change of the parameter relative change of the parameter
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par. 1 | R. | Rz [ n/5 | % | et
T HEEER
dNjdy |t [ F [ 1 [ L 1
v NN

| visual adjustment to experimental data

Energy dependent model parameters:

Vs[GeV] | o [fm/c] | R, [fm] | R, [fm] | n/s
7.7/8.8 3.2/2.83 1.4 0.5 0.2

11.5 2.1 1.4 0.5 0.2

19.6/17.3 | 1.22/1.42 | 1.4 0.5 0.15
27 1.0 1.2 0.5 0.12
39 0.9 1.0 0.7 0.08
62.4 0.7 1.0 0.7 0.08
200 0.4 1.0 1.0 0.08
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As a result...
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40 + 158 A GeV PbPb SPS (/s =8.8 and 17.3 GeV)

120 -
F —n/s=0.2 E,,=40 A GeV 3 —n/s=0.2
[ * NAdom o 0-5% central 10° * NA49, Tt-
100— & NA49, K+ 4 NA49, K-
T 4 NA4O K- & NA49, K+
F \ o NA49, p
80— 5
F -
2. §
2 6ol
I £
F 2
40— o
20
r [ EL=40AGeV, 0-5% central 5
ol Tl I Qoth e e
-4 -3 -2 -1 0 1 2 3 4 0 0.2 0.4 0.6 0.8 1 12
y m,-m [GeV]
E — n/s=0.15 N E,,=158 A GeV L —n/s=0.15
*  NA49, 1T * 0-5% central 10° * NA4Y, T
& NA49, K" 2 NA49, K-
s E A NA49, K+
a4 NA49, K o NA49, p
=107
°
T
£
°
é” 10
2
o
E,=158 A GeV, 0-5% central
C: | | I L L L L L
-4 -2 0 2 4 0.2 0.4 0.6 0.8 1 12
y m,-m [GeV]
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RHIC BES + top RHIC

— n/s=0.08 10°
* PHOBOS, 1t
1 PHOBOS, K’
A PHOBOS, p

P, spectra, V=200 GeV, 0-5% central

——— 1/s=0.08, Rt=1.0, Rz=1.0
*  PHENIX, 7~
4 PHENIX, K-

PHENIX, p

=
Q,

v

[

T

d?N/(2 np, dp, dy)
&*N/(2 7 p_dp_ dy)

Vs=62.4 GeV, 0-15% central

0O 02 04 06 08 1 12 14 16 18 2 0 05 1 15 2 2!
p, [GeV] P, [GeV]

dNg/dn

— V5=19.6 GeV
4 0-6% PHOBOS

1
5 4 -3 -2 -1 0 1 2 3 4 5
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Elliptic and triangular flows at RHIC BES + top RHIC

Vo, v3 vs collision energy Vo, V3 VS centrality
0.1 0.1
E % STARVEP} v{EP}, 20-30% central [ V,{EP} and v{EP}, {5=39 GeV # STAR V,{EP}
0.095 A STAR v,{EP} [ — n/s=0.08
0.08F- — V2. n/s(Vs) and R(ls) 008~ -+ ideal
E V,, N/s(Vs) and R((s) L
0.07E 3 N/s(1s) (Is) I .
E 0.06
0.0GW L
0.05F F
g 0.04—
0.04 [
003 0.02]%
0.02F- A [
0015 o
o) S f L L) L Ll b b e
10 102 0 10 20 30 40 50 60 70 80
VSw [GeV] centrality percentage

Peripheral events: the system is too
small compared to the smearing
radius, which results in decreased
initial eccentricity &,.

v3: prediction!
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The Horn and the Step

03 C
£ 016
025 0.14[—
C N 0.12—
02— D =
C R L
C N 01—
015~ N E
= 0.08—
C A C
01— 0.06—
[ E
= 0.04—
0.05]— K+/Te+, midrapidity F
L 002 a
F C a
L . L £a

10

\s [GeV]

K-/Te-, midrapidity

10°

BES in a viscous hydro+cascade

1s [GeV]
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An outcome of the adjustment to the data

Effective (constant) n/s in hydrodynamic phase

0.25

0.2

IS
[y
\\\\‘\\\\‘\\\\‘\\\\

o) —

effective n/s vs collision energy

10

VS [GeV]

10?

Green (error) band:
estimated assuming that
the parameters are varied
such that v» stays the
same and the inverse
slope of pr spectrum of
protons changes within
5%.

| This is no actual error bar. That would require a proper x? fitting of the
model parameters (and enormous amount of CPU time).
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Another prediction: femtoscopy
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HBT (interferometry) measurements

The only tool for space-time measurements at the scales of 10~15m, 10-23s

G="D2—p
a1 L
k= 5(P1+p2)
_ P(py,p2) _ real event pairs
Clp1.p2) = P(p;)P(p2)  mixed event pair
Gaussian approximation of 1
CFs (g — 0): ~—
—_ R
(=) /3;2

C(R’ Z") =1 +l(k)e_qgutﬂcz)ut_qgideﬂgide_qlzq-;g Iq
Rout, Rsides Rlong (HBT radii) il
correspond to homogeneity
lengths, which reflect the
space-time scales of emission

process q
In an event generator, BE/FD two-particle amplitude (anti)symmetrization

must be introduced
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Femtoscopic radii from azimuthally integrated analysis
n~m~ pairs, (k) =0.22 GeV. Experimental data from STAR: arXiv:1403.4972

R,

out Rsige

7 7

>
B
H
"
"
"
.
"
R [fm]
o o
T T T T
.
L "
.

z 1
z 1
- 4
oE + STAR, c=0-5%, p,=[0.15,0.25] GeV 3
F — nis(¥9), R(1S)
27 | n n n n P n 2 L n L
10 10° 10 10
(5. [GeV] V5 [GeV]
15 9
L4E sf Riong
1.3 E
12¢ i
§ B = oF
D\‘.i 1= = C
2 E x .
& 09E 5
0.8 4
0.7 £
E aE
0.6 RoulRgiae C
0501l L P | L P e L P |
10 10° 10 10°
(s [GeV] V5 [GeV]

Theoretical error bars come from uncertainties in Gaussian fitting procedure
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mt dependence of Rjoye

Rlong

~

R [fm]
N

w

ofTTTT
N
o
N
a
o
w
o
w
@
o
IS
o
'S
&l

At higher energies, Rion at low-pr

overestimates the data

Yuriy Karpenko (FIAS/BITP) BES in a viscous hydro+cascade

/SN dependence of the intercept

parameter of the CF

VS [GeV]

Larger fraction of resonances
produced at high energies, which
lowers A for pion pairs.
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Addition to the Results 1:

EoS dependence

From the first round of simulations: fixed n/s,

R, =Ry =11m,
T = max{%’zjfm/c}
gw = 0.5 GeV/fm?3
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Effects of the EoS Q compared to Chiral EoS?
Yes: hydro phase in average lasts longer with EoS Q

Plots: t distribution of hadrons sampled at the transition surface (left) and 7 of
last interactions (right)

400
F —— 200 GeV, 1,=1 Chiral = 200 Geviry-l Chral
700E- --- 200 GeVl1=L 1PT a0l 39 GeV, 1,51 Chiral
E — 39GeV, 1,71 Chiral E 39 GeV/o-1 1PT
E = E T -
= --- 39GeV1,=11PT £ ——— 19.6 GeV, Chiral
600 ——— 19.6 GeV, Chiral 300~ - 19.6 GeV, 1PT
£ - ;976GG\E/V&1‘P'I; = —— 7.7 GeV Chiral
| — 7. €' iral = --- 7.7GeV, 1PT
500 £ - -~ 7.7GeV, 1PT 2501—
S 400l £ of- ; .
3 Sl E . last interactions
300 150 .
200 100/~
100 A 5oL
particlization
. P IP BN M, v = ST O BN IR P P R IR R =
2 4 6 8 10 12 14 16 18 20 5 10 15 20 25 30
T [fm/c] T [fmrc]

Can we see it in femtoscopy (HBT), or any other observables?
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Femtoscopic radii: ideal hydro/Chiral EoS, ideal hydro/EoS Q, visc.hydro/Chiral EoS

= E
v T E
E E—— Pl
13 . L
E Tx *ox ok * N of
0.9 E
OSE — ideal A
£ R /R —— ideal, 1PT EoS E
0.7~ oul side ——n/s=0.2 A
E * STAR E
0.6— C
05E L 1 [ L 1
: 2
10 cev] 10 10 - 10
r Rout E Ryide
T T
6 “ 6
B — £
E 0 T F *
= sp = 5> . * * *
“+ “
e &
[ . | . [ . |

2 2
10 5 cev] 10 10 cev] 10

Previous results for EoS dependence of HBT in hybrid UrQMD, see Q. Li et al.,
Phys.Lett.B674:111,2009
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EoS dependence of the elliptic flow

ideal hydro/Chiral EoS, ideal hydro/EoS Q, visc.hydro/Chiral EoS, pure UrQMD

0.1,

0.09

0.08

0.07

0.06

> 0.05

0.04

0.03

0.02

0.0
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P, integrated v2{EP} vs collision energy

b
3
|

* STAR v,{EP}
—— fIC, ideal
—— fIC, ideal, 1PT EoS
—— fIC, n/s=0.2
—— pure UrQMD

102

=
o

s [GeV]
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Summary

3+1D EbE viscous hydro + UrQMD model:
@ pre-termal stage: UrQMD
@ 3+1D viscous hydrodynamics
@ EoS at finite ug: Chiral model, Eos Q
Conclusions:
@ Model applied for \/Syy = 7.7...200 GeV A+A collisions.
@ A fit to experimental data suggests /s = 0.2 — 0.08 when
V§=7.7—200 GeV,
modulo initial state (UrQMD) and EoS (Chiral model) used.
@ This hints for ug dependent n/s or /(€ + p) being appropriate quantity.

@ More experimental data and much more parameter space exploration is
needed to extract /s and other model parameters less ambiguously.

Work in progress.

Thank you for your attention!
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Lattice QCD and the search for the critical point

T
Frithjof Karsch

Brookhaven National Laboratory & Bielefeld University

OUTLINE

— the QCD critical point

— E0S at non-zero baryon chemical potential

— cumulant ratios of conserved charge fluctuations
— freeze-out conditions from QCD

— power of Taylor expansions

F. Karsch, BNL 2015 1



Exploring the QCD phase diagram

*

f RHIC@BNL

quark-gluon-plasma

T [GeV]

initial conditions J

controlled by the 0.1541w Z‘ ~.

NICA@)JINR
QCD equation _ pogans e
of state, evolution .
£ hadron gas

expectation: vacuum nuclear matter
freeze-out close to neutron stars
QCD transition line HEaTEOlT 0 chemical potential U B

PBMetalPLB2004

bservabl ’ — LHC: establish contact with
gorslgeqatlezceS' the QCD PHASE transition
freeze-out pattern of — RHIC: :(oca;]e/provliDde _e-vidlenc-e
mesons and baryons, controlled by | Ls, LB, LS or the QCD critical point
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Exploring the QCD phase diagram

initial conditions

controlled by the
QCD equation

of state, s

evolution

expectation:
freeze-out close to
QCD transition line

PBMetalPLB2004

freeze-out

observable ’

consequences:
freeze-out pattern of

mesons and baryons, controlled by Tf, U, s

Temperature (MeV)

(Y
73 MeV
=1L « 39GeV %

2000 GeY

24 MeV
W 62.40GeV

Quark-Gluon Plasma

Ty = 154(9)MeV
112 MeV

27 GeV %
# 162 Mev

: 19.6 GeV Wg =2T
® 206 MeV B f
11 5 GeV
20 * 315 MeV —
: o %

1000
Baryon Chemical Potential ug {MeV)

— LHC: establish contact with
the QCD PHASE transition

— RHIC: locate/provide evidence
for the QCD critical point
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Exploring the QCD phase diagram

200 GeV

T 111 T T T T TIT] T T 24 MeV 2 4 Gey ‘ Q_\Uﬂl’k-G'UDﬂ Plasma
- - Y D£.4 LOE
(a) net-p x*c” " 7amev  ©
4l i 300 % T, =154(9)MeV
p; Range (GeVic) w °9GeV
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L ® A 04<p.<08 - 27 GeY %
(STAR: PAL112) #* 162 Mev
ol 3+ O 04<pr<l2 = ' 19,6 GeV
o A 04<pr<id S / ® 206 mev
x - ! ¢ 04<p;,<16 . T 20 g 115GeV
¥ 0] ® 04<p <20 < |
B
i ] a
:
IR — e :
% . 10
U L | || 1 1 1 L1l 1 | | |_

10 20 100 200
2013 07 pe/T .
0 1000
Baryon Chemical Potential ug (MeV)
observable
consequences.

conserved charge fluctuation
controlled by  I'py kB, LS

F. Karsch, BNL 2015



Exploring the QCD phase diagram

(a) net-p x*c”

py Range (GeV/c) |

04<p;<08 1

(STAR: PAL112)
> 04<pr<12 —
04<p,<14
04<p,<1.6 1
04<p;<20

) % -

10 20 100 200
2013 07 pp/T

@
>

2
KO

Lo

! |

® <=0

observable

consequences:
conserved charge fluctuation

controlled by  I'py kB, LS

Temperature (MeV)

(41
73 MeV
300 - 349 ey %

200 GeV

24 MeV
W 62.40GeV

Quark-Gluon Plasma

Tpe = 154(9)MeV
112 MeV

27 GeV %
# 162 Mev

19.6 GeV

MeV

S GeY
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-

7.7 GeY
/]
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1000
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Where is the
critical point?
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LGT attempts to find the critical point

:I | IR | L | [ | I | L | | I:
0.003 —
. 0.002 _HHHHHH}H E QCD critical point DISAPPEAR
= 0.001 |- 3
E - .
i . crossover
-0.001 |- 1 0
:I | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 11 I 1 :
0.1 0.12 0.14 0.16 0.18
i
Z. Fodor, S. Katz. 2001, 2004 P. deForcrand, O. Philipsen, 2002
these calculations were possible
because N _
() the lattices were coarse, critical point or breakdown of the
(I1) the discretization schemes reweighting approach (loosing the overlap) ?
were crude

S. Ejiri, PRD69, 094506 (2004)

since 10 years no progress along this line
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Taylor expansion of the pressure and critical point

-

ﬁ =y e (f2)

~

estimator for the radius of convergence:

J

for simplicity : g = ps = 0

If not:

— radius of convergence
does not determine
the critical point

— Taylor expansion can not be
used close to the critical point

-

1B

<_

T

) X
crit,n

=T

X
n

n(n — 1)x5

)\

B
X'n,—|—2

~

J

— radius of convergence corresponds

to a critical point only, iff

Xn > 0 for all n > ng

at Tcp :

forces P/T* and X, (T, uB)
to be monotonically growing with g /T

|

2

K,BO'B:

X2 (T, pB)

xz (T, 1uB)
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Chiral model and negative ",/ /"-:

S,
=
=

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

MODEL!!!

184/ Ba~1
K',Ba'zB >0

2 .
K'JBO-B INncreases —




Estimates of the radius of convergence
I

a challenging prediction from 7, .\ X _ n(n — 1)xB
susceptibility series for T =rX = =
standard staggered fermions: crit,n \ Xn+2

suggests large deviations from

HRG in the hadronic phase ;Rﬁ Xe /X4 =1
30 huge deviations
from HRG in
6" order cumulants!
257 S. Datta et al.,
PoS Lattice2013 (2014) 202
20! »
A suggests a critical
E.” point for up/T < 2
15}
B /. B B /B _ly.5
xZ/xE =1 Xe /Xy = 4. at present, we
1.01 ) | cannot rule it out!
BNL-Bielefeld-CCNU
0.5

Di&d 2/6 2/8 46 4/8 6/8
Methods

F. Karsch, BNL 2015 9



Taylor expansion of the EoS and critical point
I
p

1
ﬁ — VT3 an(Va Ta By IS HJQ)

S 1 Bos (M_BY(M_Q)J (&)k
— 11k T T

1,7,k

eneralized s Scept'b'l't'es X — - /
I1Z u IDHITIesS: X . :
g ka: a ~ 1 a AJ 8 A k

pu=0

— valid up to radius of convergence: [t (critical point?)
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Some 4™ and 6™ order cumulants

1.2 , 1.2 . . . . . .
B, B o
Xa/ %2 X31 /X 1
1 _ % hadron resonance gas 1
BES-I: 200 GeV
0.8 | ﬁ+ g s
08 B NT=6 A T
8 0.6 8
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- oz f
0.2 - _ ] i
quark gas 0 u 4 -
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1 — HRG 2 Ni=6 &
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0.2 | - 2L
A m free z
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Some 4™ and 6™ order cumulants

1.2 : : : : : : : 1.2
B, B Q/
1 X4/XZT hadron resonance gas | 1 Xa1 k1
BES-I: 200 GeV 0.8 | ﬁ
0.8 r N =6 .4 - NT=6 A
‘s om 0.6 f i 8 W
0.6 i
BNL-Bielefeld 0.4 i BNL-Bielefeld -
04 | preliminary preliminary
o using the HISQ action:
| so far none of the cumulants "5 N -
T [MeM MeV] u l, |
0 . of charge fluctuations that are
120 140 160 180 2 240 260 280
- . statlstlcally well under control
xsf/x ! show a "significant" enhancement
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8 W
o e R
0.6 ﬁ s m | 0 L %  ay
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

& i 1 95T (M8 i(“'_Q>j (E)k
T4 | oy itk E T T T

the simplest case: us = pug = 0

P(T,up) _ P(T,0)  x5(T) (u3>2 L XE@) E

+ T 24 T

i g ) +Oun/T))
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

P - 1 BQS UB ’ HQ ! ns :
7i = 2 e Xk (D (?) (? T

,J,k=0

the simplest case: us = pug = 0

POy _ POO) D) (hey" XD (18)° 4 o m1)
T4 T4 2 T 24 \ T b
10
dl cosh(x)-1 ——
An O((np/T)*) expansion is P Rrexi2e —
exact in a QGP up to @(g?) .| X2 ——
How good is anO((up/T)?) 5 |
expansion in a HRG? ;‘ :
— deviation is less than 3% ol
at up/T = 2 ; . | O x=pglT |
0 0.5 1 1.5 2 2.5 3
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Equation of state of (2+1)-flavor QCD: up/T > 0
I

P - 1 BQS 1B ’ HQ 7 s ¥
7i = 2 e Xk (D (?) (? T

,J,k=0

the simplest case: us = pug = 0

P(T,up) _ P(T,0)  x5(T) (u3>2 L XE@) E

+ T 24 T

o et ) +Oun/T))

—an O((np/T)°) expansion is
almost perfectup to ug /T = 3

x=pg/T |

12 ~ 7 GeV
_ cosh(x)-1 — RHIC
An O((np/T)*) expansion is j : x2/2+x4/224+x6/4720 ——  BESH
exact in a QGP up to O(g?) | e 24
2/ ——
How good is anO((ug/T)*) 5 | /3 ~ 12 GeV
expansion in a HRG? ;‘ :
2 L
1t
0

0 0.5 1 1.5 2 2.5 3

F. Karsch, BNL 2015



Equation of state of (2+1)-flavor QCD

pressure, entropy & energy density

16 [ -

non-int. limit 4

\

3p/T* 2 stout HISQ
gTt BT (€-3pyT4 W W .
3s/4T3 14 p/T4 B i
s/4TS W .
T[MeV] | T[Mev]
0||||||||||||||||||||||||||0IIIIIIIIIIIIIIIIIIIIIIIIII
130 170 210 250 290 330 370 130 170 210 250 290 330 370
A. Bazavov et al. (hotQCD) , — improves over earlier hotQCD calculations:
Phys. Rev. D90 (2014) 094503 A. Bazavov et al., Phys. Rev. D80, 014504 (2009)

— consistent with results from Budapest-Wuppertal
(stout): S. Borsanyi et al., PL B730, 99 (2014)

— up to the crossover region the QCD EoS agrees quite well with hadron resonance gas
(HRG) model calculations; However, QCD results are systematically above HRG

F. Karsch, BNL 2015



Crossover transition parameters
I

PDG: Particle Data Group hadron spectrum
QM: Quark model hadron spectrum

1

QCD

£ [GeV/fm’] PDG-HRG ——
0.8 | QM-HRG ——
0.6 | { T, = (154 £ 9) MeV
0.4 | |
€. = (0.34 + 0.16)GeV /fm®
0.2 f
) | | | T [MeV]
130 140 150 160 170 180 compare with:
ehucl mat- ~ 150 MeV /fm°
A. Bazavov et al. (hotQCD) , enucleon ~ 450 MeV / fm3

Phys. Rev. D90 (2014) 094503



Equation of state of (2+1)-flavor QCD: up/T > 0

— 1 BQS HtB ’ naQ 5 Hs §
7i = 2 e Xk (D (?) (? T

,J,k=0

the simplest case: us = pug = 0

A(T, up) ) P(T, ug) — P(T,0) _ X5 (u3>2 <1+ 1 x7 <u3>2>

T4 T4 / 2 \ T 12x3 \ T
variance of net-baryon / _ _
number distribution kurtosis*variance

I{BO'ZB

F. Karsch, BNL 2015




Equation of state of (2+1)-flavor QCD: pup/T > 0

A(T,pp) P(T,ps)— P(T,0) x3 (MB)z 1+ 1 x7 (HB>2
- B

T4 T4 /_(2 T

variance of net-baryon

number distribution kurtosis*variance
KB 0'%
0.35 . . . . . . 1.2 —
5 T
0.3 | %2 free . 1 X4/X2T hadron resonance gas
—— Y % BES-I: 200 GeV
0.25 | o A 1
i Had 0.8 r N,c=6 A
0.2 | 8
0.6 |
0.15 1 continuum extrap. BNL-Bielefeld
N=12 0.4 | preliminary
0.1 S -
6 0.2 | .
0.05 1 quark gas
e TIMev L TmMe Tt
120 140 160 180 200 220 240 120 140 160 180 200 220 240 260 280
leading order correction agrees well ~20% deviations from HRG in
with HRG in crossover region crossover region

F. Karsch, BNL 2015



Equation of state of (2+1)-flavor QCD: up/T > 0
I

A(T,pp)  P(T,pp) — P(T,0) X7 (%)2 1ot Xy (uB>2
T4 T4 2 \ T 12x8 \ T

L 5 . 1 x& (1B\°
estimating the O((up/T)”) correction; ~

7202 \ T
O] 488 N6 & bands: magnitude of 6th order
.l o contribution relative to total
” at pp/T =3 of 0", 2" and 4" order
2 ¢ +-& T <5% ]
o T+ ST —T for pp/T < 2
Wl T | by O((pr/T)®) corrections to P/T*
L + —_— contribute less than 1% for T>170 MeV

160 180 200 220 240 260 280

F. Karsch, BNL 2015



Equation of state of (2+1)-flavor QCD: up/T > 0
I

A(T, pB) _ P(T,pB) — P(T,0) . XzB (.UJB>2 14 1 Xf (HB)z
T4 T4 2 \ T 12x8 \ T

ti ti the O T6 ti = - (1 )6
estimatin e L correcuon. -rv

N=6 4+ ]  bands: magnitude of 6th order
s & contribution relative to total
at pup/T =3 of 0" 2" and 4" order
<5°/o 7
L 1% forug/T < 2:

O((pr/T)®) corrections to P/T*

contribute less than 1% for T>170 MeV
. and less than ~ 5% for
240 260 280 150 MeV < T < 170 MeV

T [MeV]

crucial: control 6™ order cumulants in and below the crossover region



Equation of state of (2+1)-flavor QCD: up/T > 0
I

A(T, pB) _ P(T,pB) — P(T,0) . XzB (.UJB>2 14 1 Xf (HB)z
T4 T4 2 \ T 12x8 \ T

ti ti the O T6 ti = - (1 )6
estimatin e L correcuon. v

6 L ] 14

B, B _ MB/T=3 7
X6/ A5 N,=6 & %
8 W 12 | m®a G :
4 i
T at up/T = 3 i1 N=6 -4
8 W
2+ [ | <5% 1
I i | 0.8 |
oLl %n_-‘_._‘ g <1% o 06 | ng/T=2 -
ol ‘oA I 0.4 | O((ug/T)?): (open)
O((ug/M™: (filled)
| 0.2 | O((ug/T)®) est.: (band)-
o TMev] - T [MeV]
1 1 1 | | 1 0 1 1 1 1 | 1
160 180 200 220 240 260 280 120 140 160 180 200 220 240 260 280

—> The EoSis well controlled for up/T < 2

F. Karsch, BNL 2015



Lines of constant thermodynamics and freeze-out
-
black lines: O (u%)

(e(T ug)-e(T,00)/T*

colored lines: O(u%)

170 - . . . .
165 T (ug) grey band: 10% variation of p or € ]
160 | \
155 ¢ N
150 \
145 .

crossover Tiiig) \
140 | e(ug) — .

P(ug) —
135 .
g [MeV]
130 ' ' ' ' '
0 50 100 150 200 250 300

O(ug) is shown only when the
estimated O (%) contribution
IS smaller than 5%

g _— TMev]

120 140 160 180 200 220 240 260 280

F. Karsch, BNL 2015
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Lines of constant thermodynamics and freeze-out
-
black lines: O (u%)

(e(T pg)-e(T,0)/T*

colored lines: O(u%)

170

165  T(ug) grey band: 10% variation of p or € ]

160 |

155

145

140 |

135 [ Andronic et al. T; — .
Cleymans et al. T; — | | U [MeV]

0 50 100 150 200 250 300

130

energy density and pressure decrease on
the commonly used phenomenological
freeze-out curves, but stay approximately

constant on the crossover line for
g _— TMev]

120 140 160 180 200 220 240 260 280 I’I’B/T<N2

F. Karsch, BNL 2015
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Conserved charge fluctuations and freeze-out
T

A(T, 1) . P(T, ug) — P(T,0) _ Xz <LLB>2 <1+ 1 x7 (u3>2>

T4 T4 2 \ T 12xB \ T

kurtosis*variance

(K’BO-ZB)IJ/B /T=0

12—
B, B
1 X4/X2T hadron resonance gas
% BES-I: 200 GeV
r ) A _
controls also leading terms o8 N6 2
In several ratios of conserved 0.6 |
I BNL-Bielefeld
\charge fluctuations y o BNL-Bielefo
020 frge quark gas |
ol TMeV] = —

120 140 160 180 200 220 240 260 280

F. Karsch, BNL 2015



Conserved charge fluctuations and freeze-out

A(T,pp) _ P(T,p5) — P(T,0) _ x3 <u3>2 <1+ 1 X7 (

T4 T4 2 \ T 12 x5
Mp pB
_ 3
"2 =P o)
o T
B
g __PIB Xf O(u3 11 Sgog
BOB = T ~B + (,u,B) LO-LGT:T;=150(5)MeV 1
X2 0.8 | STAR net-p: 0.4<p<2.0 »m«
HRG —
l 0.6 | " 1
o
0.4 | ]
S go
B
Spop = — —5 + O(up Mg/o2
o . . . . B'~B
B X2 0
0 0.2 0.4 0.6 0.8 1

warning: net-proton ;é net-baryon
M.Kitazawa et al, PR C86 (2012) 024904
A.Bzdak et al., PR C87 (2013) 014901

F. Karsch, BNL 2015



Conserved charge fluctuations and freeze-out

AT.pup) _ P(Tpp) — PX0) _ Xy <NB>2 (1+ it (L?)z)

T4 T4 2 \ T 12 x 8
Spop = 5 X4 o
BOB — —5 (I'LB)
OB X2
3
. Mp
fit: Spop = (
. P O-P SBGB
warning. LO-LGT:T=150(5)MeV 1
net-proton # net-baryon 0.8 I STAR net-p: 0.4<p;<2.0
12 ' ' ' | ' ' HRG —
X4tz / bic fit —
1 N hadron resonance gas | 0.6 cubic
BES-I: 200 GeV
0.8 | No6 4. 0.4 |
e BI-BNL-CCNU
0.6 r - oo | preliminary
BNL-Bielefeld 5
0.4 preliminary 1 . | | | | MB/G,B
0 0.2 0.4 0.6 0.8 1
027 frﬁg quark gas | warning: net-proton =£ net-baryon
T [MeV] :
0 ' ' M.Kitazawa et al, PR C86 (2012) 024904
120 140 160 180 200 220 240 260 280 A.Bzdak et al., PR C87 (2013) 014901
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Conserved charge fluctuations and freeze-out

Next order: depends on 6™ order cumulants and requires knowledge on
the parametrization of the freeze-out curve, eg.

2
1B
ratio of cumulants on "a line" in the T | 2nd order, (4
(T, ) plane J e
1 XB 7 2 -"-‘_'5' | crossover
Mg  ppl+tisik (5F) .
2 T B 2
7 T+ ()
IXB wB 2 -I”gEP
SBUB . HB Xf 1+ Ex% ( T ) ‘-' B
- B mPhy
T XZB 1+ %% (“TB)z ........................................................................
2 My d

I
X‘X
N |~
N—
A
°
|
X
<
i
e
VR
‘X
N by~ by
N—
-
1S
N—
N
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Freeze-out parameter from conserved charge fluctuations
T

cumulant ratios of electric charge fluctuations

ey ' 7 7 T 1T T 1T 1T T T T 1 0.16 T T T T T T T T T T T T T T T T T
R 2
RS . W oco: T-1505) Mev Ma/Oq
Hg/T=0.0 W RY: I
258 Ug/T=1.0 I Il STAR
- Hg/T=1.3 1 o012F -# HRG: hadron yield
201 STAR: Vs=62.4 GeV I 2
I g 3 M | i Vs [GeV]: 39
15F a9a/ Vg 208

T [MeV]

l 1 1 1 1 | | | | | 1 | 1 I |

IEI Ié;il Iill IF*IE

145 155 165 175 185 195 205 215 E}ﬂ[}ﬂ 5 5[!: 100 e V] 150 200
constraints freeze-out temperature/' determines freeze-out chemical potential
Ty ~ (150 = 5) MeV BI-BNL, PRL 109, 192302 (2012)

S. Mukherjee, M. Wagner, PoS CPOD2013 (2013) 039

F. Karsch, BNL 2015




Strangeness vs. baryon chemical potential

0.30

0.25

0.20

0.30

0.25

0.20

0.15

I I I I I I I I I I I

- B8 - ]

xﬁfxg Koch ratio N
Boe

cont, est, B9 7
PDG-HRG wm= 7
QM-HRG —
N,=6: cpen symbols |
N, =8 filled symbols |

enhanced
strangeness-baryon correlation
over strangeness fluctuations

strangeness neutrality
enforces relation between chemical
potentials

<’n,5> =0
= X5 0% + x5y Bsis + O(p?)

|
_ 2y
| (ug/ug)Lo e 8
- cont. est. = Hs X11
i PDG-HRG == - — = + O(p?)
QM-HRG — - HB X5

QM-HRG: 4205 = =
N_=6: open symbols _
N,=8: filled symbols _

T [MeV] -

| ] ] | | ] | ] | | |

140 150 160 170 180 190
A. Bazavov et al.,, PRL 113, 072001 (2014),

arxiv:1404.6511

HRG provides good guidance for thermal
conditions at freeze-out. However,

HRG is not QCD

we heed/want a self-consistent determination
of freeze-out parameters based on QCD

F. Karsch, BNL 2015 30




Kurtosis*variance on the freeze-out line

B B B 2

%30'123=X4 2xg \ T - Xa 1_1 X4  Xe (HB)
= ~ — — — == o
P14 30 ()" xE L 2 \xE X\ T

X/Xél

B . :
. . . . . X6 changes sign in
4 | 1god STAR: 0.4<p<2.0 = f | xP crossover region
HRG —

LGT: O(ud), xe—O ]
%) fit XB —

consistent treatment requires
knowledge of T-dependence

1 '*' | of

0t i T
S——_ x5 xZ

0 0.5 1 15 2 2.5 3
B 2 '
ansatz: 26 — ag + bg ('LL_B> on the freeze-out line
: 5 =

X4

F. Karsch, BNL 2015




To do list
1

What is needed to understand equilibrium properties of conserved
charge fluctuations on the freeze-out line?

— accurate lattice QCD results on 6™ (and 8™ ) order cumulants of
conserved charge fluctuations

— self-consistent determination of freeze-out parameters within
QCD: Tf(“B)v HBs [IJ'S(IJJB)a “’Q(:UJB)]

— Quantify influence of finite-V, acceptance, p ;,5 B etc. in close
Interaction with experiment and HIl-phenomenology

What can be done about "locating the critical point"?

— use 6" (and 8" ) order cumulants to put bounds on its location

— keep working on new simulation techniques

By-product: EOS in the entire parameter range accessible to
the RHIC BES-II



0.40 p

The peak in the scaling function that

0.35
00 | determines the location of the chiral \
1o | crossover transition as seen by the chiral
| susceptibility is at (almost) the same
0.20 | .
temperature, at which the 6" order
015 quark number susceptibility has its
0.10 minimum — if contributions from regular
0.05 1 terms are small!!
0.00 *“ : : ' ' ' ' ' z '
-5 4 3 2 1 0 1 2 3 4 5
zp = 1.33(5) 6-th order net "up-ness" fluctuations
0.1 —— . ——— . . . . : :
-f§3)(z 6| u T, for N.=6 & .
\ Xe N.=8 8 'l
0.0 \ 4 L A T -
2 | }# ‘| -
0.1 t I
0 ani—u n
02} 2 %E # |
-4 BNL-Bielefeld 1
03 | 6L preliminary |
S 8t _
04 z=th'® 13 L TMey)
5 4 3 2 |1 0 f | 2 3 4 5 120 140 160 180 200 220 240
z_ ~ —1.50 zy ~ 1.48 gualitatively as expected
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Chiral Transition at small us/T

@ close to the chiral limit thermodynamics in the vicinity of the
QCD transition(s) is controlled by a| universal O(4) scaling function

singular / regular

p —_ —_
T4 3 In Z(V? T, H) = —ho h1+1/6ff (t/hl/ﬁé) o .fr(va T, p,)
T vT
A 2
T critical line: T —1T. Hq mq &
t ~ Kg | — h ~
/ t=0, h=0 T. T+ Hq ( T ) ’ T.
';3 | / 4 suppressing dependence
- .. on strange quark chemical
potential

controls curvature of
the critical line

omP/T* _ (n
~ Ky (8 /RP?)

Xn = D g/ T)"

34
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O(4) Scaling in QCD: Curvature of the critical line

m (%E?M 007 scaling function of order parameter
Mg 5 | — ——
Mb — T4 — hl/ fG(z) . my s Xm,q |N=8: m|/n'i=qf1G/f2(g E
0.06 Lo s my T2 =4 m/mg=1/10 I 1
Xmaq 82 <¢¢>/T3 0.05 f 1;:218 —0— -
— : 1/80 —F—
T 8(,u,q/T)2 0.04 |
= el e-vesp ) 00 ,\
t “ |
0Ms 0.02
0.01 +
> [K,B — K,q/9 = 0.0066(7)] : 2 =t/h/Pd
-2 1 0 1 2 3

p4-action: N, = 4
Bielefeld-BNL, Phys. Rev. D83, 014504 (2011)
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O(4) Scaling in QCD: Curvature of the critical line

2k fa(z)
=8: mymg=1/20 r—t—st

0.06 =4 mymg=1/10 =—— ]
1/20 sl
0.05 } 1/40 +—Q— -
summary of current values | G 1180 —5—

for the curvature term: 0.04
0.03 f
0.025
Kp 0.02
0.02 r i +
0.01
z = t/h1/P?
0.015 . 0
HISQ,imag. + -2 -1 0 1 2 3
001 | P.Cea et al. | p4-aCtiOn:N1- — 4
HISQ,imag. Bielefeld-BNL, Phys. Rev. D83, 014504 (2011)
0.005 | - C.Bonati et al. |
' Ut Taylor ?34,K-;?:YI021 i — the crossover temperature
.Endaroai et al. . Zmar
0 . . . . changes by (4-12) MeV
0 1 2 3 4 5 for O S “B/T S 2
0.006 < kp< 0.018 or 15 GeV < \/g < 00

F. Karsch, BNL 2015




Critical Point searches
I

lattice QCD
15 - ' ' '
chiral crossover T. |IIEGB
1.4 + To(ug)/Te(0) o ° '
reweighting (F&K, 2004) —E&—
1.3 ¢ Taylor (D&G&G, 2014) —=F—
12}
11t
ug=340(40)MeV
I s,
09 |
ug=243(20)MeV
0.8 |
07 | vl

0 OI.5 1 1I.5 2 2I.5 3 3.5 _4
reweighting:

Z. Fodor, S. Katz,

JHEP 04, 204 (2004)

Taylor expansion:
S. Datta, R.V. Gavai, S. Gupta,
PoS Lattice 2013 (2014) 202

F. Karsch, BNL 2015



Observation of the critical end point in the phase
diagram for hot and dense nuclear matter

Roy A. Lacey
Stony Brook University

arxiv:1411.7931

Outline
» Introduction
v' Phase Diagram
» Search strategy for the CEP
v Guiding principles
> A probe
v' Femtoscopic
susceptibility
» Analysis Details
v" Finite-Size-Scaling
v Dynamic Finite-Size-Scaling
» Summary
v' Epilogue

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015
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http://arxiv.org/abs/arXiv:1411.7931

The QCD Phase Diagram

N

A central goal of the worldwide program in relativistic heavy ion
collisions, is to chart the QCD phase diagram

m

ms > m53

2"d Order O(4)
Crossover T
2"d Order Z(2)

1st Order

Early Universe

"

The Phases of QCD

Temperature

1St Order
cs- explicitly
broken

C’ ce
~170 MeV~ _vr_o_bs_o_vf: I

\

-

u

Conjectured Phase Diagram

Critical Point

Hadron Gas ’
Superconductor

Nuclear /
Matter Neutron Stars

P ‘——l————T’
900 MeV
Baryon Chemical Potential

/ Vacuum
0 MeV=~

0 MeV

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 2



( I

The QCD Phase Diagram

.

Known knowns
Spectacular achievement:

> Validation of the crossover
transition leading to the QGP
> Initial estimates for the
transport properties of the QGP
Known unknowns
170 MeV- > Location of the critical End point (CEP)?

v Order of the phase transition?
v' Value of the critical exponents?

Salhverse The Phases of QC
; ¢ Future LHC Experiments

l Current RHIC Experiments

Temperature

Critical Point /__
Hadion Gas Color > Location of phase coexistence regions?
Superconductor
Nuclear / > Detailed properties of each phase?
/Vacuum Matter Neutron Stars
0 MeV P e e .
= e All are fundamental to charting the phase
Baryon Chemical Potential di agram

(New) measurements, analysis techniques and theory efforts which probe
a broad range of the (T, ug)-plane, are essential to fully unravel the unknowns!

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 3



/ Theoretical Guidance

Theoretical Consensus CEP Location Estimates
200 T T T T T T T
“Static” Universality class 1 |-—~.... HB lat Taylor R
/' Tt -l _‘r_ll. rewelghting
for the CEP : 150 - lat. reweighting IT--__ -
» 3D-Ising
Dynamic Universality class | | NJL /inst RM ]
P Lo
for th: (I\:/lEIZI T Co LSM  CIT
0ae NJL/II
50 NJL v
e
NJL/I
0 ] 200 400 600 =200 1000 1200 1400 1600

HB
No theoretical convergence on CEP location to date
- Experimental question/opportunity?

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 4



Ongoing studies in search of the CEP

» Systematic study of various probes
as a function of +/s:
» Collapse of directed flow - v,
> Critical fluctuations
» Emission Source radii €= Focus of this talk

>Viscous coefficients for flow
> ...

> ...

These are all guided by a central search strategy

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 5



" Anatomy of search strategy |

o oge ~» The correlation length diverges
6 v' Renders microscopic details
e 7 (largely) irrelevant
HE | . » This leads to universal power
%1@ 0.4} laws and scaling functions for
R static and dynamic properties
315 0.2 _
2 Ising model
B 0 ; : e ..
5 s 0 s 2 25§ Magnetization M [ [T-T[|
; r (pixels) =
Approaching the critical Mag. Sucep. 2y O |'|' -TC|‘7
point of a 2"d order phase y (E)
transitions Heat Cap CV - = 0 |T _TC|_0‘
» Search for “critical fluctuations” in HIC Vo dT
Steph , Raj |, Shuryak -V
ephanov, rajagopa, shirya Corr. Length El |T -TC|

PRL.81, 4816 (98)

The critical end point is characterized by several
(power law) divergences

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 6



Anatomy of search strategy

&
O

w [bar' )

—

103

1024

-

Compressibility log X5

10",

|sob. Heat Capacity cp (kJ/kgK)

The critical end point is characterized by several
(power law) divergent signatures

For HIC we can use beam energy scans to vary
ng & T to search for non-monotonic patterns
In a susceptibility

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 7




Search Strategy

Epr0|t the RHIC LHC beam enerqy lever arm

12F
% -
g 10
N8
=
a
= G
g
E L
= i
o 4 -
“'--..|_ -
'-'é C
oL

Energy scan

&4

L3

L — RHIC parametrization
- 0.46 Sy, \[Syp 2 8.7 GeV

| —+ FOPI, 0-1% AuAu
|+ E802, 0-5% AuAu

L — NA49, 0-7% PbPb

| = WA98, 0-5% PbPDb

| = PHENIX, 0-5% AuAu
| s CMS, 0-5% PbPDb

M. Malek, CIPANP (2012) -

reee. 'y

» LHC > access to high T and small ug

» RHIC > access to different systems and
RHICges to LHC =2 ~360 /syy increase

10

1|:}2
Vo (GeV)

103

a broad domain of the (ug,T)-plane

T(GeV)

02

015 —

0.1

0.05

1]

(ug,T) at chemical freeze-out

Ha (Gﬂﬁ

(L R )

VSyn 1S agood proxy for (T, ug) combinations!

Challenge =2 identification of a robust signal
Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 8
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| Interferometry as a susceptibility probe |

3D Koonin Pratt Egn.
R(@) =C(q) —1=4x [ drr*K,(,r)S(F) (1)

Alias (HBT) \
Hanbury Brown & Twist _
Correlation || Encodes FSI Source function
Two-particle correlation function function (Distribution of pair
separations)
C(q) = —N./dp.p, Inversion of this integral
(dN, /dp,)(dN, /dp,) equation =» Source Function

S. Afanasiev et al. (PHENIX) RTs/
PRL 100 (2008) 232301 "

Chaoticity (1)
Duration Time () PKs

In the vicinity of a phase transition or the CEP, the divergence of
the compressibility leads to anomalies in the expansion dynamics

- BES measurements of the space-time extent provides a
good probe for the (T,ug) dependence of the susceptibility

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 9
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" Interferometry Probe

Hung, Shuryak, PRL. 75,4003 (95) 7~
Chapman, Scotto, Heinz, PRL.74.4400 (95) Rrs @
Makhlin, Sinyukov, ZPC.39.69 (88) Rio Xy P
R? Y, )
2 _ geo Chaoticity (1) &
R?. = :
side m Duration Time (7)
1+?TﬂT2
2
2 geo 2 2
Rou m + f; (A7)
I+ — 3
T 2oL
K
R2 N T , PKs
long — 1
m,

(R?,,-R%iqe) SENSItive to the susceptibility

Specific non-monotonic patterns expected as a function of \'sy,
> A maximum for (R2,,, - R%4.)
> A minimum for (Rgige - R)/Riong

side
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“Interferometry Probe

Dirk Rischke and Miklos Gyulassy

na
[=]

T T T T T T T T T T —T T,

| —— aT=0 e
------------ AT=04T, |/ ‘ ey
——- idealgas |/ T

= =
o o

SIT [s/T.7]
o

0.8 1.0 1.2 1.4 10

10 10°
e [Ts]

In the vicinity of a phase transition or
the CEP, the sound speed is expected
to soften considerably.

Nucl.Phys.A608:479-512,1996

Fig. 16
12 — S
Fodg/dy =373 (a T
10 - T
- — T=07T, T
8r — T=09T_ T ,

e, ®) 1 @ 1

11l 1 L1l 1 RN Loyl 1 1 A | 1 1 IR A 0
1 10 1 10 100
g/ T.s, gfT.s

The divergence of the compressibility
leads to anomalies in the expansion
dynamics

- Enhanced emission duration
and non-monotonic excitation

i 2 2
function for R4, ;- R%4e

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 11



Interferometry signal

Chaot:c:t (L)
Duration Tlme (7)

_ dN, /dp,dp,
(dN, /dp,)(dN, /dp,)

Adare et. al. (PHENIX)
arXiv:1410.2559

1.4

39 GeV Au+Au]

0-10%

62 GeV Au+Au
0-10%

1 <ky>=0.53 GeV/ct

T 200 GeV Au+Au

0-10%

200 GeV Cu+Cu
0-10%

1 N
| PHENIX
| preliminary

07 0.050.70.15 0.05 0.1 015 0.05 0.1 0.156 0.05 0.1 0.15
q (GeV/c)

Ca(q)

G (fl) - e:{p( Rbldﬂ qbldﬂ

R

= N[( (1+G(aq)))Fe+ (1= A)],
Rgut-qgut

langqlﬂng}

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015
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" HBT Measurements

Ryt (fm)

_ N W Pk O & -

These data
are used to search
for non-monotonic
patterns as a function

Of\/SNN

Rside(fm)
O L T T - ) e > e |

Riang (fM)
= N Wk e~ O

STAR -1403.4972
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%_ } I 2- § & 5 % i %‘ Is s % 1 'g ? l;! %

i 'd.'é"b.'zi”blis (Go\%) 07 08 09 o 2 Ausau 1 196GV |, it

+ (GeVie i

= ALICE PbPb @ 2.76 ATeV /| § i 8 et §

Ei " ' combined 2 H g 2 g %

SO L 2 1 ol

RO S

E : o 6} s 27 GeV I

:‘f jﬂ” ;}@ &; % 7 : 4_§ § § 18 : § g 2

R l* "t %2% i % “ i 5

3 6| » sacev |

2 2 8 P8

I I BN A R BT I I & 8 I 1

a4 & TR

_ 03704708 b8 T07708 09 1:c 3 § § § E §"§ i % %

= . ALICE preliminary

;—‘}{g o 2 , L 624Gev |2 g

2% y 2 28 5
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:I ' : Eé 6 5? o élzooéev' 3'% -
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xquisite data set for study of the HBT excitation function!
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Vs vy dependence of interferometry signal

J

[ e  Au+Au (a)fe PHENIX/STAR (b)
24 __* Au + Au —_”* STAR 7] R| oC T
e Pb+Pb Te ALICE lo6 & ong
Nf'ﬁg 20 N 0-5% T+ mp= 0.19 GeV : ' i
3 y ;! 1 = 52 2 2
L 16 N ?Bﬁ'ﬁi T i i 055 (Rout_Rsme)ocAT
N’Tg 12 :_ % E —3_— % —: 04 Icu
% [ —~— ¢ iﬁai E i j, (RSIde )/ I:\)Iong
8 - PHENIX T | | _
_ preliminary I 103~ R = J2R
4 _11 ool sl 11111: poowd vl o rasonl g 111111:
0.01 01 1 0.01 0.1 1 2 1

S
Adare et. al. (PHENIX) VSw TeV PKs

arXiv:1410.2559
These characteristic non-monotonic patterns signal
a suggestive change in the reaction dynamics
-> Deconfinement Phase transition? CEP?

How to pinpoint the onset of the Deconfinement
Phase transition? and the CEP?
- Study explicit finite-size effects

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015
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Finite size scaling and the Crossover Transition

Finite size scaling played an essential role for identification

L
Y. Aoki, et. Al..Nature , of the crossover transition!

443, 675(2006). N, =4 n|- 8
B I | LI I | L I | L I i N I | L I L) L I | LI I _
e saxizs ] T fi CEx1E 1
- LI -F ST I i £ ' ngendd ]
W !f § C4x247 7 150 - ; # 0Exa20 _
- j [ . i
- i s 1 & - 3 ]
S e0f : . 1% r  F ]
B ] . 100 z ¥ B —
a0l .E R i i-"‘ 3 N
. . - FE3 - -
= | l--..- 0 R .*. -
- i o [ o
Eu _I L1 1 1 I L1 1.1 I L1 11 l_ 'I L1 11 I L1 1 1 I L1 1 1 -
3.2 1.3 3.4 3.5 3.4 1.5 3.6 3.7
Reminder 6/g* B/g*

Crossover: size independent.

1st-order: finite-size scaling function, and scaling exponent is
determined by spatial dimension (integer).
2nd_grder: finite-size scaling function x(T,L) = L”VPZ (tL"")

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 15



Influence of finite size on the CEP Cp= (%),

Cp=im < (E+PV)*> — < E+PV >

) Kp = — % (% )T from partition function
2T IVkeT A = (V2)=(V)°

—

10°%

T

1\

1024

!
-

Compressibility log X

10",

1
-

|sob. Heat Capacity cp (kJ/kgK)

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 16



The curse of Finite-Size

16" - 256" Ising model

effects 10000 g
4 f f
10{]05— E
—H v L // ‘ -
a) T>Te [ S~ |
ﬂ 1{]05— E
(note change in peak heights, f,_———%%_ \f\ I
positions & widths) .__~1%¢ _— ANE
— ]
£ i \:

h.'-'" - lUL*'}I - Iﬂl.Sl - I{].l&ﬁl - IU?QI —

b) T close to T¢ B

The precise location of the critical end point
IS influenced by Finite-size effects

- Only a pseudo-critical point is
observed - shifted from the genuine CEP

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 17



The curse of Finite-Size effects
: E. Fraga et. al.

J. Phys.G 38:085101, 2011

i =5 o pIphen
_%F 2fm |- s Tafm
EE {H}; ] — o AP
-l .

; R R BTN
400 500 ]

(MeV)

0 i 200 300 400 500 600 700
1 ( MeV)

Displacement of pseudo-first-order transition lines and CEP due to finite-size

Finite-size shifts both the pseudo-critical endpoint
and the transition line
- Even flawless measurements Can Not give the precise
location of the CEP in finite-size systems

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 18



(V) ~ L7,
ST(V) ~ L7,
: (V) ~ T%P(V) — T*P(00) ~ L7,

The Blessings of Finite-Size

-7
A c(T,L)=1"P_(tiL"") t= c
e x T,
a) T>Te N7 ™
! Y
A
.q / ' IH".
(note chqn_ge N pegk heights, ™ f'f ,E] >\
positions & widths) S \
g / h\
v —"'/ I Tc —
: ! -
b) T close to T¢ ! *_}]:]"v i T
Finite-size effects are specific > allow access

to CEP location and the critical exponents

- L scales the volume

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 19



The blessings of Finite-Size Scaling
X (V) ~ L7,

16" - 256  Ising model ST (V) ~ L%,

].OO{]OZI T T T T T T T | T T T T | T T T T T T T I: ]
- : (V) ~ TP(V) — T*P(o0) ~ L™ ¥,
i I 16" - 256 Ising model
IOOOE_ T _E 939: 1 | I | I n | 1 | | | 1 | | I | 1 | 1 :
Yor | ]
S /ﬁ ] 0.58 F&—— () E
o E % 3
100 = -.‘f/ T ._III' - g = g
: : 087 e 3
10 - ,':'::"-'-'-’" ' “__T__ s 0.86 E_ . .n- _E
: ; . ==l
L _ ﬂ.EF:— - =
| | | 1 | | 1 | 1 | | | 1 1 | | | 1 | | | 1 1 | : :
b7 0.75 0.8 0.85 0.9 0.84 - - E
B é ™ é
.. . . 0.83F u, -
Finite-Size Scaling can be used to : | :
extract the location of the NS TR EPEPEPE BN BT
. - 0 0.02 0.04 0.06 0.08
deconfinement transition and the .

critical exponents

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 20



The blessings of Finite-Size Scaling

=00 4

00 —+— L =10

—+—L=20

200

) JL Ml‘ﬁ

15 1,El ED 2.1 22 2.3 24 25 25 27 23

rhadnetic susceptibility 5

]

100

temperature T

Finite-Size Scaling can be used to
extract the location of the

rhadnetic susceptibility (T = 2.29

300 - — Tr {-F-}

]]l'l.J-.I-'{ }
ST (V') ~ L‘F,
~ TP(V) — T®P(00) ~ L7,

deconfinement transition and the
critical exponents

lattice size L

Critical exponents reflect the

universality class and the order
of the phase transition

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 21



The blessings of Finite-Size Scaling

| L7y vs. L™ xt,
5|:||:|_- t-l- — (T _Tcep)/-l-cep

—+— L =10

—+—L=20

— L =50

00
300 4

200 < 20 —

JL Ml‘ﬁ £l

—T T T
15 1,El ED 2.1 22 2.3 24 25 25 27 23

rhadnetic susceptibility 5

10

temperature T

sUsceptiblty scaling function

Cross Check 5 -
Extracted critical exponents and CEP
values should lead to data collapse o 1 : :
onto a single curve Lt

Essential Message
Search for & utilize finite-size scaling!

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 22



Size dependence of HBT excitation functions

_ ,/
4  Au+Au Tk m=026GeV T - : - i
4 A Pb+Pb - m =029 GeV —+ - —+ —
E [ 0-5% ] 5-10% I 10-20% T 30-40% T 40-50%7 50-60%
« 3 5 T ek T T T T ]
< [ % & T | i i i .
3 0 T * I i i i ]
N w i _ iiiﬁr _ i -
x 2[ T T T ¥ T % T %% i
L L 4+ - L u L L E . w i
3 I T K K = . ]
x 1F 4 1 + + 1 E-
0 i ___|_|_|_umj proml 1ol o IIIILI_]_ ool ol bl o ||||||__ promd 1ol ol L i il

001 01 1 001 01 1 001 01 1 001 01 1 001 01 1 0.01 0.1 1

NG Y

.  Max values decrease with decrease in system size
Il. Peaks shift with decreasing system size
lll. Widths increase with decreasing system size

These characteristic patterns signal the effects
of finite-size

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 23




-

N

Size dependence of the excitation functions |

J

o 0-2 T T T T I T T T T I T T T T I T T T T I T T T T
I v 00-05% | i
a  05-10% T=0.166-0139u- —0.053 u°
_ *  10-20% A - Hs Ha
10 e 20-30% —
~ o 30-40%
— | /%}Y\ o 40-50% 0151 7
é ® 50-60% I
o E 5:- i
o @ 0.1} _
' — i
.o 5 5
y i AN
0.05 | Eﬁ{ —
ﬂ | | | | | | | | | | | | | | | | | | | | | | | |
D Lrrrul Lol Lol Lo1oiaitin 0 0.2 0.4 0.6 08
0.001 0.01 0.1 1 10 Ly (GeV)
S (TeV) Il. Parameterize distance to the CEP by /syn
o . T.= (/S —+/S /\/S
characteristic patterns signal s= (V5 = VScep)IVScer

the effects of finite-size

- Perform Finite-Size Scaling analysis
with characteristic initial transverse size R

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 24
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Initial Geometric Transverse Size

AN

Geometry , ,
~ | Phys. Rev. C 81, 061901(R) (2010)

Spe = S, cos(n¥r) = /erpS(rL)w(rL)ch(mﬁ)

Sny = Spsin(nU7) = /drlps(rﬂw(rl)sin(ﬂqﬁ),
b T
- N —MC-KLMN
-=-=-MC-Glb.
) Part —. gl = ALICE data
1 I arXiv:1203.3605 z ,
oy Oy el

E (a)

o, & 0, - RMS widths of density distribution 45 o0 555 s 0
‘""rpa.r‘t-

» Geometric fluctuations included
» Geometric quantities constrained by multiplicity density.

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-
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' Acoustic Scaling of HBT Radii

I:\)out’ Rside’ I:\)Iong e R

“Au+Au @ 200 GeV:

-m_ (GeV/c) (a)-

6 A& 0.391 _

-v 0473 Side

- O 0.652 > |
= o 0.852 F
=4 R
B 27 o& i

, gzﬁ,“’ggo@ ,

2| 4o ;

0 . | | |

1 2 B
R (fm)

> R and m; scaling of the full RHIC and LHC data sets
» The centrality and m; dependent data scale to a
single curve for each radii.

> R..R., R oR

out? " ‘side’ " ‘long
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Finite — Size Scaling Analysis -
\ 0.18L STAR Preliminary

(only two exponents X (V) ~ LYY,

are independent) ST (V') ~ L_%ﬁ -—50'15% f f{}f %: ? f
TT{]:’} N TE‘JP{T;’] _ Tmp{-ﬁ‘ﬂ} — _zlf, %0.14}

. I—uD 12: AU+AU o 200 Gev ® 19.6 GeV
a £ pa T P
[:Rgut T R;idc} o R"rfl ? I N :z'gsjv ® 11.5 GeV
PR ; __l | =
VSNN (V) = /snn(oo) —k x RT7, 0.1r R
0100 200 300
T (N__)
Note that (ﬂB ) ) IS not strongly dependent on V part
v LOcate-(T, MB) pOSItIO_n_ of 0.6 STAR Preliminary
deconfinement transition and [
extract critical exponents %“‘ 0_4:_ JUPURPUP A
[
v Determine Universality Class gm SRR S
. 1 02_ . - g > o
v Determine order of the phase (g T - e e e 0
transition to identify CEP 8 8 0T BB 5
0700 200 300
(N
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' Finite — Size Scaling | - : _
2 9 max ~ {1
\ l:"Ff'r_'uut T Rside} x R ?
. - — % = 1
| (a:} L (b)_ \,'.-"I S NN {-{ J- — 1||'|"Il 5.._-% N |Ir o0 ] — II: o4 R v
| ¢ Au+Au | i
E 0.04 — I — 0.04 o e >
c 3 “% |
he) i ) = T i
E i ° 1 N | Ng ¢ EI
a I = 1 s | £ 10 . T E/ 110
- 3¢
®o002f ° + X Joo2 L /
o N = ¢ #
i § T §\ | an-_' /
I L i . s /i
i v~0.066 TSy ~475GeV] N@j St - T fi 1°
0.00 L1 N —— Y T i & 1 E
10 15 20 025 050 075 1.00 K | ;i y~1.2
R— (ﬁl]-) ].Elj {ﬁ]].-lj) [N T T TN N N T T T B M TN T N T T A O T T A O N
Similar result from analysis of the widths 10 15 20 T2 3 4o
R (fin) R (fin*)

Finite-Size Scaling gives
» Critical exponents compatible with 3D Ising model universality class
> 2"d order phase transition for CEP

T 1165 MeV, x5 [1 95 MeV (Chemical freeze-out
$ B systematics)
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Closurer test for FSS
[ v 00-05% ] (a) | 1[ (b)
s 05-10%
> 2"d order phase transition ~ Y ‘l 1 ‘l i
> 3D Ising Model Universality & | 2040% i 1
class for CEP E |7 - .
v~066 y~12 R 1 } {3
E o LT
T*P 1165 MeV, " [1 95 MeV L | } i g ﬁ{ :
B H} B | t If -
Finite-Size S 2r | T | 1%
Scaling validation E.‘E i i ‘l |
R_T}I” X (Rgut o Rgidu:] V. Rlﬁ; X tr, 1 I I I w| i * | ' _ 1
R/ x (R2, — R3y.) vs. RV xt,,, 06 04 02 00 0 4 8 12
tp = (T — T<eP) /Teep (Rt (fm"™) R, (fm™)

ce

tue = (kB — 15" )/ 1nE"
*A further confirmation of

Finite-Size Scaling the location of the CEP**

validated
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"FAQ

What about finite time effects?

5 N le.f:e:

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015 30



Finite — time Scaling |

» 2"d order phase transition
With critical exponents

v~066 y~12
T [165 MeV, 1 [ 95 MeV

" L/
§~ At time T

when T is near T,
DFSS ansatz

(LT2)= U (L eL)

For
T=T,

7 (LT, 7)=L"f(cL7)
R

long «T

(%)
00-05
05-10
10-20
20-30
30-40
40-50

IN
|||||||||
[ MONON 2R |

(R )R- Rigg) (¥

1 L _
O _| T I T T N N N T S T RO A TR T B
2.5 3.0 3.5 4.0
-Z 1-z
Riong L (fm™)

**A first estimate of the dynamic
critical exponent**

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015
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[Epilogue ]

» Strong experimental indication for the
CEP and its location
Finite-Size Analysis with (R2,,;-RZ% 4.)

» 2"d order phase transition v ~0.66
> 3D Ising Model Universality '
class for CEP y~1z2

T [1165 MeV, £ [1 95 MeV.

1Ea"y Shiverse The Phasg€’of QCD

Future LHC Experiments

v Landmark validated
v" Crossover validated
v' Deconfinement

Temperature

Validated i
Y Ms > M3 “7°MeV-‘-£'?ﬁ;;"£’:,
v' Other implications! T

Critical Point

Hadron Gas y
Superconductor
Nuclear
/ Vacuum Matter Neutron Stars
-
0 MeV= - 1 1
0 MeV 900 MeV

Baryon Chemical Potential

Additional Data from

RHIC (BES-II) together

with mature and
sophisticated

theoretical modeling

still required!

to be done to fully
chart the QCD phase
diagram!!

Roy A. Lacey, Stony Brook University, RBRC Workshop, Feb-24-2015
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End
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Experimental Overview of RHIC BES
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Experimental Overview of RHIC BES
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Cumulants & Correlations

Multiplicity Cumulants & Correlations

W.J. Llope
Wayne State University

| T, GeV QGP

critical

freezeout
hadron gas curve
nuclear
\ matter
| -
0 1 LB, GeV
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

A cartoon of the Phase Diagram (experimentalist’s view)

Top beam energy at RHIC: crossover transition from QGP to HG.

Temperature (MeV)

0 250 500 750 1000
Baryon Chemical Potential ;(MeV)

STAR BES data sets from
RHIC Runs 10 and 11
(2010-2011)

Vs (GeV) MB Events in 10°
7.7 43
115 1.7
19.6 35.8
27 70.4
39 130.4
62.4 67.3

Decreasing the beam energy increases
the baryochemical potential

Systematic study of the data as a function of the
beam energy allows a “scan” in streaks across
the phase diagram...

WAYNE STATE
~ UNIVERSITY

200 GeVV >1Bevents 2010,11
14.5 GeV ~15Mevts 2014
“BES-II” 10x BES-I 2018,19

How can multiplicity cumulants
help us here?

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations

Multiplicity cumulants of particle proxies of conserved charges

Experimentally: The average values of specific powers of deviates
give cumulants & cumulant ratios (or moments and moments products)....

No. of particles in a single event...

ot

or =
C, Koy = <<w2>>
C; k3z = ((z°))
C, Kag = <<
skewness =

)

<(5:v)2>
((67))

Il

Negative Skew

WAYNE STATE
UNIVERSITY

Positive Skew

Average No. of particles in all
“similar” events...

((62)") — 3 ((d2)*)*

K3 . K4
——, kurtosis = —
3/2 k2
Ko 2
N\
"I', \x\_\
."‘ \_\\
Ir" o.s
f \x--__

o
w
T

g T~ " 1 rrrrr T
10° EAu+AU 200 GeV o

0.4<p, <0.8
|y|<0.5

2 3

Number of Events
o 2

—h

(GeV/c) .-i
.-, .
l** ™

i ¢ 3
llt:t:luunllfuul

« 0-5%
 "30-40%
% * . ®70-80%

|
-
1

*

|||I |||||||I III|,|,|,|_‘ IIII|,|,|,| 111

-20

-10 0 10

Net Proton (AN,)

20

STAR, Phys. Rev. Lett. 105 (2010) 022302
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Cumulants & Correlations Cumulants

WAYNE STATE
UNIVERSITY

Yield Ratios
Y()/Y(j), where i,j
are different particles

SHM

@ some sy and
In some centrality class

(HB’T)
Location on P.D.

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations Selected Spectra and Ratios

o 3o 107 w05% § O eos%
L I % b 3 2 0510% 1
S10°F LIS . 0510% 1 S 10k ® 10-20% 3
Q F 1 @ 10k SelEee, ® 10-20% ] @ 3 va 1 20-30% 3
9 10 - Q I Ry - 20-30% 3 e 1 L » %ﬁ i
g 1 g o Y 1 g Eeaio0se, °
> 1F 4 3 TF e 3‘-%:%%% 1 101k ‘%%e%%?& -
(o E P j (o C Trg. s, Dir, ey ] - E Th g B ey 3
TPC &_ TOF c%' 107k #30-40% £ %o B iL. 3Mj§;¢.§f§;& 1 & E #30-40% 'l?:sgng 3
S107F 130500 aug 210 e Bgifah o S o[ 04050% ugY
ME win SOF R hapls ] Z10°F snan =,
m, K, p spectra  €1o2p gzt 1% . X ] TR 7
_ e e E10] = A BN I
\/SNN =39 GeV ik 9 3 %1W; RS B .- Au+Au39GeV P 3
s [ Gl 1 3 10f 8% STAR Preliminary.] 3 E a8 £ -
S 10k 4 2 e, 1 = = ]
T 1 3 @ : 1 & §-§§a l
g ] & 1t ¥2e, 1 S0 SSaiterfp 3
s 1F 18 segdr 1 3 Gosestel 3
ly|<0.1 g L g csitey 1§  Ragaert
. $10 S0k ...'-m_;.‘-% < < 10“F STAR Preliminary "m z»._.; L
= F qg = e 3 z £ . o R~
“g 102 _ ---------- Bose-Einstein .; '3_2:,_ — my-exponential lli» ] © [ ae™ i ge™ ™ .'l._ ]
F o ] 10-25-.|.|.|.|.|.|'“.|-§ 0
0 02040608 1 1.214 0 02 04 0608 1 12 14 0 0.5 1 1.5
p. (GeVlc) p. (GeVic) ) b, (GeVic)
T T p and p spectra not feed-down corrected
Ratios of integrated yields
+ + , +l;’ + + . + + + , +
' + [l l;' + '
EX o8k EXaofek £l k
B X X & IS B X 8 X X & B X IO X g X |a
Ol = Au+Au 7.7 GeV 4 Sl - Au+Au 11.5GeV il e Au+Au 39 GeV
- 1 E 3 “—'1 3 “-'1 E -
© F 0-5% - - © - 0-5% E © 0-5%
- — - ] ~F -+
- = - g L ---
1L - AL - 1 - -
10 -- 107°F - 10
; _ i + - i hd
10%F eData -= E 10%F eData + E 10”F eData
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10°F STAR Preliminary E 10°F \ . 10°F
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%ﬁ%&%ﬁ? Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Where are we on the Phase Diagram?

Statistical-Thermal Model (e.g. THERMUS)  Computer Physics Communications 180, 84 (2009)

cc_ &V . k+1mi2T kmi\ g, = k _Bkiii Free Parameters: T, n
Ny~ = Z(:F1) TKZ T e IZZZI-E ! S

i 2772 B=1T
k=1 k=1 -1 (fermions), +1 (bosons)
Z = partition function
0.2_ ® 0-5% V =volume
i <0.1 | ® 5-10% woomass
| STAR Preliminary lyl<0.1 ® 10-20% K, = Bessel function
- ¥ 20-30% g = degeneracy
0.18 i ¥ 30-40% - Grand Canonical ensemble
¥ 40-50%
- 200 GeV o 50-60%
i ar 60-70%
‘:";‘ 0.1 Gfﬁ & 70-80%
o : ...(ug,T) values
~0.14F 39 GeV depend on Vsyy
o - .
— ' 115 GeV 7.7GeV and centrality...
0.12 ...also depend on
; GCE, SCE, uCE...
0.1 (using only the ©*, K*, p* ratios)
0 1 1 1 I0|1I ] 1 I0|2I ] ] I0|3I ] 1 I0I4I 1 no Correlations
Ky, (GeV)
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Cumulants

(@ some \/SNN and
Yield Ratios In some centrality class

Y(i)/Y(j), where ij
are different particles

SHM
(!’LB’T)
Location on P.D.
LQCD
Mult Cumulants
C,/C., where m,n are
the order, m#n, & for one
particle or “net” (+ - —)
W%IIIN%ES[GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations Coming back full circle again...

We have results on the net-p and net-q multiplicity distribution cumulants.

Use ratios of multiplicity cumulants, R, = C,/C,. plus Lattice QCD to infer (ug,T)

A. Bazavov, et al. (BNL-Bielefeld), Phys. Rev. Lett., 109, 192302 (2012)

S. Borsanyi, et al. (Wuppertal-Budapest), Phys. Rev. Lett., 111, 062005 (2013)

Frithjof Karsch, University of Houston Colloguium, Sept. 24, 2013
Determination of T and (B from cumulant ratios

— in thermal equilibrium any two ratios of cumulants should allow
to fix temperature and baryon chemical potential'

XX
R :Ma X=8B,Q,S5

n,m X
anu'

™,

‘ NLO Taylor expansion

— ratios with n+m even or odd show different sensitivity to T and i B

M x UB X1 x.3 [ UB 2
RX = - = R ) R ) o 4
12 org( T ( 12 T+ Ry —T + (#B) ,
x SX"?{ X,0 x,2 [ UB 2 4
R3, = = R3y" + R3y pp— + O(NB) ’
M x T
Mx ~ vX v . : .
X ~ X3 mean if fluctuations are sensitive to
o% ~ X5 :  variance equilibrium physics at a unique
Sx ~ x=/(xX)*? : skewness (T, pg) pair

%IEN%ES[GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

Cumulants+LQCD

S. Mukherjee @

Workshop on Beam Energy Scan Il
BES - 11 2014

September 27-29, 2014

25

2.0

1.5

1.0

0.5

Charge fluctuations, LQCD and freeze-out in HIC

T T 1 | — [ I — 0.16
| R% |
pg/T=0.0 I R
[ ug/T=1.0 M 7
L Mg/T=1.3 4 o012F
i STAR: Vs=62.4 Gev [] | .
S,oo/M 0.08[
- a¥Ya’Vla 1 7
I | 0.041
- T [MeV]
| 1 1 | 1 1 | 1 1 | 1 1 | 1 1

I I I I I I I I 1 I I I | 1 ! 1 1 1

2
B | QCD: T=150(5) MeV MQ/GQ
B STAR

-~ HRG: hadron yield

Vs [GeV]: 39

200

1E|'E|11§1‘1.511"£I11'15111'15

145 155 165 1756 185 195 205 215 0.00

thermometer: T’
T'<155 MeV

need more precise
measurements from BES-

50 100 | Mev) 150 200
f
baryometer: ug

STAR: Phys.Rev.Lett. 113 (2014) 092301
BNL-Bi: Phys. Rev. Lett. 109, 192302 (2012)

SM: PoS CPOD2013, 039 (2013) 8
W-B: Phys. Rev. Lett. 113 (2014) 052301

&7 WAYNE STATE
UNIVERSITY

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Rapidity dependence of net-proton cumulants

“Keyhole acceptance” (V. Koch’s term) drives cumulants to Poisson

RIKEN BNL Research Center Workshop on Fluctuations, Correlations and RHIC Low Energy Runs , October 3-5, 2011
http://quark.phy.bnl.gov/~htding/fcrworkshop/Koch.pdf

X. Luo, QM2014
| ! LI B T T T T T | T

MTE AutAu: 0-5% 0.4<p <2 (GeVic) = | M1E Au+Au: 0-5% 0.4<p <2 (GeVic) -
1 E" .......................................................................................................................... ...E 1 } __________________________________________________________________________________________________________________________ _E

- b s b r e 8 4 F b s b 2
0.9 — ] 0.9 — ]
- | %ﬁ b %E % - - | % b EE % -
081 % ? GEER 081 % % & @ -
07 ¢ T Net-proton - 07|~ + 7 Net-proton —
- A lyl<01 - A ly]<01 -
s s <03 OO S y<03
05 ¢ ly|<0.4 o050 ¢ lyl[<0.4
' - STAR Prehmmary o ly|<0.5 - ' - STAR Prehmmary O |y[<0.5 -

67 10 20 30 100 200 67 10 20 30 100 200

Such rapidity dependence would seem to bear on interpretation of
comparisons of measured net-p cumulant ratios to LQCD to extract (ug,T)

%ﬁ%&%ﬁ? Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 12



Cumulants & Correlations Rapidity acceptance dependence continued...

Systematic study of rapidity window dependence of cumulant ratios needed

M. Kitazawa, BES-II workshop at LBNL
http://besii2014.1bl.gov/Program/bes-ii-talk-files/05%201409Berkeley fluc.pdf

. gth
An Dependence: 47 order At present, Ay or An dependence

for |y| or |n| <~0.5 1s easy...

1E

OO0
(9]

(9]
nuwuwn

OO =~ -
‘ o,

0.8 Fii.\

¢ ©

w5
0.6 E\b:
6 ENN: R IS .
L \%

Centrality:

net-p: use m & K multiplicity

net-g: use " multiplicity 0.5<|n|<1.0
net-K: use g* multiplicity 0.5<|n|<1.0

0.4 1 \\} Tt i amusecszomec: |1 P4

(SN*)(m)/(SN*)(0)

R 4 ——F————"bo I’ve explored alternate techniques
An/ BEMC XE (not well calibrated)
——7\ - [Aan=1.0 BBC or ZDC (best at high s,
An=1.0[An=1.6 baryon #
at ALICE | at ALICE

BES-II: Use EPD? opens up TPC...

%IIINEES[GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 13



Cumulants & Correlations Cumulants

(@ some \/SNN and
Yield Ratios In some centrality class

Y(i)/Y(j), where ij
are different particles

SHM
(1, T)
Location on P.D.
LQCD
Mult Cumulants
C,/C., where m,n are
the order, m#n, & for one
particle or “net” (+ - —) NLSM

\

> ~1fm
Critical behavior?

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



¥7) WAYNE STATE

Cumulants & Correlations An experimental avenue to finding a possible Critical Point

So how could we find a Critical Point if it exists?
Assume that 1t’s going to have the same basic features of other CPs

divergence of the susceptibilities, y... e.g. magnetism transitions 0801.4256v2
divergence of the correlation lengths, £[J e.g. critical opalescence

liquid SF¢ at 37atm p S
heated to ~43.9 C | |
and then cooled N\ IR
CO,nearthe § | .
. liquid-gas \
. transition
h |

o |
Brown University Undergraduate Physics Demonstration

T. Andrews. Phil. Trans. Royal Soc., 159:575, 1869
M. Smoluchowski, Annalen der Physik, 25 ( 1908) 205 - 226
A. Einstein, Annalen der Physik, 33 (1910) 1275-1298

In the Nonlinear Sigma Model, the cumulants of the occupation numbers
; _ - e s M. Stephanov
(integral=multiplicity) are also related to £

) arXiv:0809.3450v1
the higher the order of the moment, the stronger the dependence on &

T 23T
ke = (0g) = 7 €5 Ke={og) = 57— & “signal” of CP is then

6T nonmonotic behavior of
ke = (0g)e = (0g) — (05) % [2(A3€)" = Aa] € cumulants (ratios) vs. Vsyy

N [ NIVERSITY Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 15



Cumulants & Correlations Cumulants

(@ some \/SNN and
Yield Ratios In some centrality class

Y(i)/Y(j), where ij
are different particles

SHM

(HB’T)
Location on P.D.

LQCD

Mult Cumulants Correlations” @ the core here

C,/C,,, Where m,n are R?z depends On.C2
the order, m#n, & for one & 1s the correlation length

(?
NLSM Dependence on An?

\

particle or “net” (+ - —)

> ~1fm
Critical behavior?

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations Cumulants

M.A. Stephanov, J. Phys.: Conf. Ser. 27, 144 (2005)
In the vicinity of the critical point, the static (equal time) correlation function

develops a divergent correlation length: (1

R |1+ x| < &;
(V(x)p(0))c ~ <
~l=l/e, x| > &
Promising experimental observables could be obtained starting from the two-particle
correlator: Ié; B B
(AngAnj) = (ngng) — (ny)(ng,)

Cumulative measures: electric charge or baryon number fluctuations
sum over momenta p and k of all particles in the acceptance and Weight each particle with its charge

AQ = ¢"AnS; thus  ((AQ)*) =Y ¢“¢’(AnSAny)

P, P.a k3
p p
] singular contribution to the correlator (An,Anyg) “variance” measures ~ &2
Mo absolute strength of the singularity depends on the coupling of the
k r  critical mode o to the corresponding hadron, which 1s difficult to estimate

3- and 4-particle correlations:

(stronger £-dependence)

M.A. Stephanov, PRL 102, 032301 (2009)
C. Athanasiou et al., PRD 82, 074008 (2010)
M.A. Stephanov, PRL 107, 052301 (2011)

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 17



Cumulants & Correlations STAR results as of QM2012

J. Nagle, last talk at QM2012
Critical Point Search

Net Proton Fluctuations

Auohupo-‘.ona

% &
, !0\

) 4<p <) B 1GaVvie) jyr<D §

0.2

D
t
I
,
o}
r
.

b ??$

;B SNSRI 8

0.0

-).25

-().4 —— '
-04 -02 00 0.2 04

H

5

(S o)yPossson

(=3
~

Kurtosis < Poisson for Vs, just above CP?
M.A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011)
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Cumulants & Correlations STAR results as of QM2012

[

. Nagle, last talk at QM2012

Critical Point Search

|

Net Praton Fluctuations Examine f

AueAy Pomson a
L' .“-., % O
< i .'.-. 3040
0 os| ' ‘Q":"“ :
! Nat-of Y _ ':.;. ;
. b ) dap <D B 10 N E) =0 & "N : 0.4
2 | ; B »
: ! 02
© L)l: EERR L.
» : g P "}
;‘K 7 | 0.0
8 b 3 i
; $ 5 WOMD (5% P*p |
§ ) E' ‘}' -2}
g F 4
s DA " L W tealems amm -0. - —
= oss | 2 ® . ® 2 i : -04 -02 00 02 04
on 1 - < :
-~ QQL CTAS Pretwwenanry “, H
S878 % 20 X & 100 200 300
| S (GeV)
...what the NLSM would expect for a CP at Vsy,~15 GeV
(14.5 GeV data collected in Run 14... Production just finished!)
W\YJAIXINEES[GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 19



Cumulants & Correlations “Independent production”: IRV cumulant arithmetic or sampled singles

“independent production” involves either sampling from pos and neg multiplicity
distributions, or Independent Random Value (IRV) cumulant arithmetic:
given two IRVs: C,net = C,pos + (-1)kx C,.neg (forall k)

_‘§ 77 11115 {1196 127 |13 |]624 |]200 "E Entries 43676
Z
/ zlu zls :L:
R o] ) ) ) 1) ) .
% ” Entries = 43676
1 R
O] O o] Rt OS] RSt} RSN ) AT .
refmult2corr
Destroys all intra-event correlations between Npos and Nneg, reproduces singles
distributions, & has the same statistical certainty as the data by construction...
see also G. Torrieri et al., J. Phys. G, 37, 094016 (2010)
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015

UNIVERSITY
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Cumulants &

5
0.8
0.6
0.4
0.2

0
1.3
1.2
1.1

1

Ko?

0.9
0.8
0.7
0.6
0.5
0.4
0.3

WAYNE STATE
UNIVERSITY

Correlations Corrected net-p So and Ko? vs \sy, for 0-5% and 70-80% centrality

W.J. Llope for the STAR Collaboration, APS-DNP Fall Meeting, Newport News, Virginia, October 25, 2013.

- So vs \/ S, ., 70-80% and 0-5%
PP NN ° ° Corrected Au+Au

[0 Measured 70-80%

-

® Measured 0-5%
Samp.Sing./IRV

® Independent production approaches
reproduce the net-p moments products

10 o sy (GeV)

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Efficiency-corrected net-p Ko? vs centrality by Vsyy

W.J. Llope for the STAR Collaboration, APS-DNP Fall Meeting, Newport News, Virginia, October 25, 2013.

Ub) So, 7.7 GeV So, 11.5 GeV So, 19.6 GeV So, 27 GeV So, 39 GeV So, 62.4 GeV So, 200 GeV
1t 1t 1 1 1t 1t 1t
0.8} 0.0 0.8} 0.8 0.8} 0.8¢ 0.8
® ® i ®
.. o 0 ®
0.6} 0.6} 0.6 0.6 o® ® 0.6} 0.6 0.6
o
"] oo
0.4} 0.4} 0.4 0.4 04". 0.4t 0.4f
. ) ) ) . . oo’
ra
0.2t 0.2t 0.2t 0.2- 0.2 0.2 0.2
0 | | | 0 1 | | 0 | | | | | | | | | ] | | | | |
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Nb Ko?, 7.7 GeV Ko?, 11.5 GeV Ko?, 19.6 GeV Ko?, 27 GeV Ko?, 39 GeV Ko?, 62.4 GeV Ko?, 200 GeV
Y 1.2t R 1.2 1.2+ 1.2 1.2 1.2
1¥ ¢ 1 T 1 1 * 1 1 1
\ * ® H op ¢ + % )
0.8 } o.s&** ° 0.8'@§§+ * + L L) 0,8'_"0 é 0.8_‘. 0.8
L |® ® +
0.6} 0.6} 0.6} 0.6 0.6} 0.6 0.6
0.4} 0.4} I'| o4 0.4t 0.4t 0.4 0.4t
| | | 1 | | | | | | | ] | | | ] | | | | |

0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

Npart

IRV and sampled singles approaches (cyan) quantitatively reproduce
the net-proton moments products at all beam energies and centralities. ..
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Cumulants & Correlations Net-Charge

W.J. Llope for the STAR Collaboration, APS-DNP Fall Meeting, Newport News, Virginia, October 25, 2013.

6 %:?.Tﬁef.ﬂ' Vs =115GeV | Vsan = 19.6 GeV

Au+Au
4{—’__\ Net-Charge
4 _
1 ¢
NE 2 + + l “eo ¢ + L Poisson
S -
Ok - B (N)BD
L I ﬂ\ﬁ Prelimimary
2k i
! ! L | | | | | | | | |
S5t Vs =27GeV [ 5,y =39GeV | ysnF624GeV | sl =200 GeV
AL I I
3 ‘f\ i §
®e® 6 ®eeoe , et X,
o 2 ’ + o 04
21
0_
-1 i i Strong intra-event correlations!
) : B :
3k | | L | | L | | Lk | | |
100 200 300 100 200 300 100 200 300 100 200 300
(N_) (N_) (N ) (N
part part part part
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Cumulants & Correlations What can we learn about the shape of the net-p C4/C2 ?

STAR net-p PRL
January 23, 2014

L. Adamczyk, et al., [STAR CoIIaboratlon] Phys. Rev. Lett. 112 (2014) 032302.

12
Au+Au CoII|S|ons at RHIC
I S ——————————— 2
® g
© osl @_ ) . Skellam Distribution |
I 8. = 70-80% |
D os o, @ o .
041 Net-proton e _
0.2} 0.4<p <0.8 (Gevio), IyI<0 5 s, e
l Il L I : l | Il Il 1 1 Il Il I 1
1.2 .
Al 10 bessisisaiaiia I: .- .................. ,: ............ -
© o8l “ .
AV @ p+p data
06| U Au+Au 70-80% -
. Au+Au 0-5%
04l i Au+Au 0-5% (UrQMD))|
M A 1 | ®lind. Prod. (0-5%)
E 1-05 _I T T T T l T T T T l l l l » ‘M
o
[
X
»n
.

1 1 1 | | I 1 1 1 | 1 1 | | I 1
5678 10 20 30 40 100 200
Colliding Energy \fsNN (GeV)
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Cumulants & Correlations

STAR net-p PRL
January 23, 2014

L. Adamczyk, et al., [STAR CoIIaboratlon] Phys. Rev. Lett. 112 (2014) 032302.

12
Au+Au Collisions at RHIC
g 0 T U ———————————— =
© osl @_ ) . Skellam Distribution
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Bed Net-proton . E’
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1.2 -
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© 08
AV @ p+p data
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X
»n
=

WAYNE STATE
UNIVERSITY

1 IIII
678 10

1 1 1 | | | I 1
20 30 40 100 200

Colliding Energy \fsNN (GeV)

Net-proton «kc?

2

Net-charge ko?

data
10

What can we learn about the shape of the net-p C4/C2 ?

STAR White Paper on BES-I
June 1, 2014

o
o
|

o
o
|

bLoLov e e
X

O

(a) STAR net-proton data

O 70-80% @ 0-5% |
(ly[<0.5; 0.4<p.<0.8(GeV/c))

UrQMD (0 - 5%) —
Poisson

o

-
o
|

O 70-80%
o

Au + Au Colllsmns at RHIC | ]

(b) STAR net-charge data
@ 0-5% |

(In|<0.5; 0.2<p;<2.0(GeV/c))
R NBD (0 - 5%)

Poisson

5

10 20 50 100 200
Colliding Energy Vs, (GeV)
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Cumulants & Correlations

Independent Production exactly reproduces the measured net-proton cumulant ratios. ..
(within the statistical certainties possible with the presently available event totals)

...indicates that intra-event correlations between p and pbar multiplicities are not strong
enough to be seen in presently available multiplicity cumulant ratios

Note, I did not say:

this means there are no correlations between Np and Npbar in these data
nor did | say:

this is a baseline for a CP search, hence no CP signal in these data

Nparticle vs Nantiparticle 4 baryons
A
S
=
Z VS | 3X
>
Np
\V WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

So

WAYNE STATE
UNIVERSITY

“independent production” approaches reproduce the net-proton C,/C, and C,/C,...
Involves either sampling from pos and neg multiplicity distributions,
or IRV cumulant arithmetic: C,net = C,pos + (-1)kx C,neg (holds for all k)

B RHIC

IAu+Au'CoI‘Iisi(')nls at

@
womeeeee 70-80%
0-5‘3"0

Net-proton
i O.4<pT<O.8 (GeV/c),lyl<0.5
1 | 1 1 Il I 1 1

Skellam Distribution |

(=== = |
| LT O

< p+p data
U Au+Au 70-80%
@ Au+Au 0-5%

I : i Au+Au 0-5% (UrQMD)
® Ind. Prod. (0-5%)

I - L Il Il
Ill T T L III

1 1 1 1 1 Il 1 1 I 1
20 30 40 100 200

Colliding Energy |s,, (GeV)

1 IIIII
567810

Complaints were, generally...
1. “no pbars at Vsyy < 39 GeV!”

2. “there must be correlations at high Vsy,!”
baryon number transport at low Vsyy
baryon-pair production at high Vs,

P.K. Netrakanti et al., arXiv:1405.4617 [hep-ph]

Coming up:

Where does “the dip” come from then?

Why are these cumulant ratios not seeing
any correlations?

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Further exploring the moments products by deconstructing them...

The net-proton moments products can be
understood using the p and pbar
multiplicity distributions separately...

Intra-event correlations of N and N, do not
measurably affect the net-p moments products

That 1s...
Ko?(net-p)
= C, (net-p)/C,(net-p)

= [C4(p)*+C, (pbar)] / [C, (p)+C, (pbar)]

(@]
b
X4

1.2

0.8

p- Ko? vs Npart, Vs =19.6 GeV

Points: measured
— (N)BD
Sampling

— eff. uncorrected

f_’.oo. & & *

t

Four guantities there. 0.6
Are the experimental values of Ko?(net-p) driven |
by all four quantities equally? 0.4k
Or does one of these dominate? -
lIII|IIIIIIlIlIIIIIlIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350
Npart
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 28
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Cumulants & Correlations

Charge-separated uncorrected Ko? vs. centrality by Vsyy

W.J. Llope for th

e STAR Collaboration, APS-DNP Fall Meeting, Newport News, Virginia, October 25, 2013.

141 - 111 1.4f 1.4p
~  p-P Ko® vs Npart, Vs = 7.7 GeV - p-P Ko® vs Npart, Vs, =11.5 GeV pP Ko vs Npart, Vs, =19.6 GeV p-P Ko® vs Npart, Vs, =27.0 GeV
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1t \@ 1l i 1|
0.95f 0.95F 0.95f 0.95}
0.9f 0.9} 0.9F 0.9}
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0.75|F 0.75F 0.75f 0.75f
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0.65 :— rel | mlnary 0.65 :— 0.65 A 0.65 —
OIS:IIIIIIIIIlIIIIIIIIIIIIIIlIIIIIIIII-lll OIS:IIIIIIIIIIIIII|IIIIIIIIIIIIII|IIIIIII OIG:IIIIIIIII|IIIIIIIIIlIIII|IIIIIIIII|II OIG:IIIIIIIIIIIIII|IIII|IIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
1.4p 111 1.4p
[ p-p Ko? vs Npart, Vs,,=39.0 GeV I p-P Ko? vs Npart, V8 =524 GeV [ p-P Ko? vs Npart, Vs, =200.0 GeV
1.05F 1.05F 1.05F Uncorrected Au+Au
i ) : e Measured p-p
i F F A Measured p
0.95F 0.95F 095 -
[ r i v Measw:en(prinfinc are
L L - UTTULTTUATTTIUO VU WU
0.9} 0.9} 0.9} . .
i : F statistical only
0.85F 0.85F 0.85fF
0.8f 0.8F 0.8f
0.75F 0.75F —
| | Vs < (net-p) = Ko? (p)
ok ok sy < 27 GeV ... Ko?(net-p) = Ko“ (p
| 5 Vs > ? (pbar) ? (net-p) *(p)
ossl osst syn=> 39 GeV ... Ko? (pbar) > Ko? (net-p) > Ka? (p
OIB:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 6:IIIIIIIIIIIIllllllIIIIIIIIIIIlIIIIIIIl OIGFIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|

0 50 100 150 200 250 300 350
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"0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

Npart
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Cumulants & Correlations Uncorrected net-proton C, (variance) vs. centrality by Vsyy

16 16 16 16
(_S\I [ pBC, vs Npart, \/sNNz 7.7 GeV [ pPC,vsNpar, \/SNN=11.5 GeV [ pPC,vs Npart,w/sNN=1 9.6 GeV [ pPC, vs Npart, \/SNN=27.0 GeV

14 14 14F 14

12 12 12[ 121

10: 10:— 10:— 10:—

4. AR SE1 m=mm  mmmEE AN EEEELEEEEL muan T IR EEETl FRRRE AT

! : 0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
16 16 16
[ p-P C, vs Npart,vs,, =39.0 GeV [ p-PC, vs Npart, Vs, =62.4 GeV [ p-P C, vs Npart, Vs, , =200.0 GeV
[ [ [ Uncorrected Au+Au
14 14 14 _
: [ : e Measured p-p
12:— 12 12:— A Measured p
: [ : v Measuredp
Uy or 1o uncertainties are
A oL statistical-only

C, smoothly...
...Increases w/ Npart.
...changes w/ Vsyy.

0 o b b bevia biea biia b 0— b by b b b by 0 [RERI AREN1 FRRNE FRATA FRRTE ARRNL AT,
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 I<]|0 350
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Cumulants & Correlations

Uncorrected net-proton C, vs. centrality by Vsyy

<t [ pPC,vsNpart,Vs =77 Gg

i A SEEAR SEESER SSECC. So==

0 0 X : 1 i
0 50 100 150 200 250 300 350

12

p-B C, vs Npart,Vs  =11.5 GeV

50 100 150 200 250 300 350

-~ p-PC, vs Npart,vs =19.6 GeV
121

10

0
0 50 100 150 200 250 300 350

- p-p C, vs Npart,vs,, =39.0 GeV

10F

10

- p-pC, vs Npart, Vs, =62.4 GeV

0
0 50 100 150 200 250 300 350

WAYNE STATE
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0
0

50 100 150 200 250 300 350

- p-P C, vs Npart, Vs, =200.0 GeV
12

10

0
0 50 100 150 200 250 300 350

Npart
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- p-P C, vs Npart, Vs, =27.0 GeV
12—

0
0 50 100 150 200 250 300 350

Uncorrected Au+Au
e Measured pp
A Measured p
v Measuredp

uncertainties are
statistical-only

proton C, sags for
0-5% @ 19&27...

pbar C, increases
smoothly...
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Cumulants & Correlations Uncorrected net-proton C, vs. centrality by Vsyy

<t [ pPC,vsNpart,Vs =77 Gg r p-PC, vs Npart,vs  =11.5 GeV -~ p-PC, vs Npart,vs =19.6 GeV - p-P C, vs Npart, Vs, =27.0 GeV
()12— 12 12 12—
10 10 10 10
8 8 8 8
6 6 6 ‘
4 4 41 .
2F 2 2F 2r
So observed “dip” in the STAR ||
i A SEEA SESEEL SEEER, STTT 0 OO Serve lp ln e piilig /T NN FRETI FRET ERRR A RN T

0 0 X : 1 i 0
0 50 100 150 200 250 300 350 0 50 D 350 0 50 100 150 200 250 300 350

net-p C,/C, comes entirely from
- p-p C, vs Npart,vs,, =39.0 GeV r ppC

12 ef 7P%| the proton C,. Uncorrected Au+Au
- - - e Measured pp
A Measured p

[ [ [ v Measuredp
o o 8 uncertainties are
statistical-only

10F 10 10

proton C, sags for
0-5% @ 19&27...

pbar C, increases

smoothly...
0 IIIII|IIIIIIIIIIIIIIIIIIIIIIIIlII 0 IIIIIIIIII|IIII|IIII|IIIIIIIIIIII O IIII|IIII|IIII|IIII|IIII|IIII|II
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Cumulants & Correlations Athanasiou, Rajagopal, & Stephanov, PRD 82, 074008 (2010)

Kronecker 6’s describe Poisson fluctuations (§-independent)
Last term describes contribution from critical contributions

Proton/Pion Mixed Cumulant Net-Proton/Pion Mixed Cumulant:
I = ) . . ;! ("_f‘ _ 1)' Ufp 21 3 - - refactor 'p—p 1'_%
Wipjr = b0+ 050+ T/? n,;jr n,}?r/ ¢ (2.19) Wi(p—p)im = di,0 + 95,0 + wf{piﬁ)tjﬂ (Ti;0p>

i—i 2r-3 . i 5r-3
— 5 + 5. +w prefactor wp ‘E Np—p ‘f ?
1-_'0 _? 0 gpj‘;‘r 1 k4 3
g £mm{ np + ng Cf max

Which is more sensitive (for 170 and any j): ®; .. OF ®j_par)in ?

At any value of the correlation length, &, the n-dependence that enters into

the expressions o4, and @y ppar 1S at \/SNN =200, 62, 19, 7.7 respectively
np ’ . , Np—p ’ Np—p
£ = 0.34, 0.77, 4.9, 31 —= ———— | =0.00072, 0.064, 3.4, 30.
no no np + Ng ,

Since n(net-p) <n(p) & n(p+pbar), proton normalized cumulant, ;,, Is more
sensitive to critical fluctuations than the net-proton normalized cumulant, ;(, yar
At assumed pg® =400 MeV and benchmark values of the couplings g, and g,, then
®,, Is the most sensitive to critical fluctuations.
However if g~ << 400 MeV and/or g,/g, is smaller than expected, then
®,,. 1S the most sensitive to critical fluctuations.

\N@IIINEE%GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

Athanasiou, Rajagopal, & Stephanov, PRD 82, 074008 (2010)

TABLE I: Parameter dependence of the contribution of crit-

ical fluctuations to various particle multiplicity cumulant ra- . nEt P C4/ Cz 'S VSNN |
tios. We have subtracted the Poisson contribution from each B Au+ Au COllISIOI’IS i
cumulant before taking the ratio. The table shows the power 4 Net-proton B
at which the parameters enter in each case. We only consid- - 0.4<p <2 (GeV/c),|y|<0.5 :
ered cases with r =i+ 7 = 2, 3, 4. We defined 2)\; — A = )\4 R ¢ o 0-5% a
ratio V ny(s) 9p gx Az Ay € 3 - i 261_20/2/0 -
N.. 1 - - - - _ 5 :_ A 70-80% _:
N, 1 1 - - - - - = i
Kipjm 1 1 1 j 6“3 '5"";4 %T‘ — 3 1 B - ]
Wipjm - i— 2 i j 3 Ora 37 —3 - o -
H-ipiji_lfN:u - - ¢ J 5?,3 "5?‘,4 %’r — 3 0 . STAR Prehmmaryf
— 1 - | 1 1 1 1 1 1
Fopon No[Kanbzp || - - - =2 - - =2 6 10 20 30 100 200
N R S
kopor N2 [kapNZ || - - -2 2 - - - i i i
vy | e R Apparently, C,/C, is exceeding the poisson
plm P )
e N N[ - - a2 - 1 - - baseline near and below ~12 GeV.
“2p“4pfﬁ 3p - = - - =2 1 -
hgp,«g% 2 fhgansl? |- - - - - Are these are critical fluctuations?
Kap h"z".IT /{Hdﬂ h‘%p B = = - = = =
3 .4 4.3 .4 . . .
Wiptin/fagtyy Q- - @ - @ - - le— Arethese 5 mixed cumulant ratios consistent
Kopan | Kan b - - - - - - - . .
ozl 1oL with Poisson?
Kapin/K3pKan - - - - - - -
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 34
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Cumulants & Correlations

Net-proton “dip” appears to result entirely from proton C4

Minimum multiplicity and systematics

Consistent with NLSM expectations...

Another aspect:
multiplicities of POI need to be large enough to allow multi-particle correlations

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

0

1.2
1
0.8
0.6
04
0.2
0
-0.2

Ko?, net-d, 0-5%

C,/C,vs. sy |

TPC+TOF refmult2corr Ko? |zvtx|<30

D. McDonald, Rice workshop on Fluctuations and PID, May 23-25, 2013

10

So, net d, 0-5%

10?

Bang-on Poisson

/

Poisson
e —

T

C,/C, vs. Vsyy

10

WAYNE STATE
UNIVERSITY

102
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Cumulants & Correlations Sensitivity to correlations of Np and Npbar -- Clinical study

Now, let’s do a “clinical” study of cumulants ratios with controlled correlations
in multiplicity distributions that are realistic compared to experiment.

Consider the following 2D correlation plot....
think X=Nneg, Y=NpO0S (or vice versa)

The 1D projections are
called the “marginals” — g

The shape of the 2D density
of points in the plot of
Prob(X,Y) is sensitive to
the correlations of X and Y.
“contingency table”

02J-%

p(Y)

Here, Y is positively correlated with X. '(f\lote for us both marginals
An increase in X tends to increase Y. “ Are ac’tually non-negative)

1. Take parameters of marginals (p and pbar multiplicity distributions) from data...

2. Generate 2D prob. distribution of controlled strength but leaving marginals unchanged. ..

3. Look at dependence of cumulants and cumulants ratios vs. correlation strength. ..

%{&%gﬁ? Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Fixed marginals with controlled correlations...

Kocherlakota, S. and Kocherlakota, K. (1992) Bivariate Discrete Distributions. New York: Dekker.

Johnson, N., Kotz, S. and Balakrishnan, N. (1997) Discrete Multivariate Distributions. New York: Wiley.

Poissonian marginals: D. Karlis & I. Ntzoufras, The Statistician (2003) 52, Part 3, pp. 381-393
Given random variables X, k=1,2,3, which follow independent Poisson distributions with parameters A, > 0.
Then the random variables X=X,+X; and Y=X,+X; jointly follow a bivariate Poisson
distribution, BP(A,, A,, A3), with the joint probability function with A5 as a measure of the correlation strength

Py y(x,y) = P(X =x,Y =)

O \Y )2 min(x, y) x y A3 k
= exp{—(\1 + A + \y) } L 22 RS Ew
exp{—(A1 + A2 + 3)}x! N kgo (k) (k) (/\1)\2)

A. Biswas & J.-S. Hwang, Statistics and Probability Letters, 60 (2002) 231-240

Here we propose a model by assuming n; = n;. The other case can be similarly dealt
with. In this present paper we propose the following probability model:

Binomial marginals: Pr(Y = y1, V2= y2) = (”‘) Py (1= p)" ™ x f(32l), (1.1)
Marginals: C,i=p;n. &
C, = (1-p;) pi ; where
where i=x,y (a.k.a. pos and ne - - _
y ( p g) f(y2|y1):(1+oc)_’“ Z (J’l) (m . y1) (nz | nl) {p2+fx(p2~p1)+fx}h
Uija)ES \J1 J2 J3

Controlled correlation

parameter here is o x{l — p2 —a(p2 — p1)}" "{p2 + a(p2 — p)}”

x{1 — pr — a(pa — p1) +a}" 2 pB(1 — pyyr TR, (1.2)

with S:{(jl,jg,jg) it =ys 1=0,1,. .., v13;/2=0,1,...,n1—y1; j3=0,1,..., ng—nl}. Although
the model is complicated in its expression, it can be derived from a simple conditioning mechanism.
From the discussions of Section 2, it will follow that for model (1.1) and (1.2), marginally Y; and
Y, are simple binomials, and they have a correlation coefficient

_ m [ [ p1(1 — p1)
P\ m (1+a) p2(1 = pa)’ (13

where m = min(n;,n;) and M = max(n,n;).

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations Clinical approach

Fix the marginals to be Poisson or Binomial, take the pos and neg C, (and C,) parameters
of these distributions from experimentally measured distributions

Then vary a parameter in a numerical prescription from anticorrelation to no correlation
to correlation but without changing the marginals!

50F N2 (pos) vs N1 (neg), Sampled ] E N._. N,
- . 0 C Mean 3.922 . Mean 6.772
a0l ] 10° RMS 1.972 [ 10 RMS 2.399
B = 1’ =
B 3 10° 10¢
3ol 1.1 E Npos Ntot
L E 107 = 10°
2[]_— —§ 10* 108 ;_ 107
I 10 10 ;_ 10
1 1 :— 1
| | PR B R R R | E 1 (ORI | A AT S S S NN TR S SR TR N SRS T | 1 L L . . . | L L L | L L L | L N L
20 30 40 50 0 10 20 30 40 50 O 20 40 60 80 100
Noeg =014 p=-0.14 N
Mean 2.849 o= - p=-v. Mean 1.073
EMS 1.681 X: Set p=0.01 n=343.62 Y: Set p=0.01 n=526.06 10’ RMS 2771
X: Fit p=0.01 n=343.62 Y: Fit p=0.01 n=526.33
N X:SetC,=29C,=28 Y:SetC=39C=39 10 N
neg C,: net 1.07 pos 3.92 neg 2.85 10° net
C,: net 7.68 pos 3.89 neg 2.83
C,: net 1.04 pos 3.82 neg 2.79 102
C,: net 7.37 pos 3.61 neg 2.73
C,/C,: net0.136 IRV 0.154 10
C,JC,: net 0.960 IRV 0.945
| | | | Vg 0.08110.001 e | | | |
20 30 40 50 -40 20 0 20 40
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Cumulants & Correlations

Let’s get quantitative!

0.5
0.45
0.32
0.25
0.15
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-0.1F
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).15F
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).25F
0.3E 4
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net mult, controlled correlation
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Cumulants & Correlations

Let’s get quantitative!

0.5f rvsp i

04k r 05 x-axis in all frames is p

0af )025 (controlled correlation parameter)

02k od Black:  net mult, controlled correlation

ok 15 Gray: net mult, sampled singles/IRV
: 0.2

°t | inputand output | | £ vqy, depends

0.1 #| correlation agree | | | on p strongly

-0|.1 0 01 02 03 04 0:5-0'3 "01 0 01 02 0.I3 0.|4 O.IE

|25
1.2f
RE:

R:
105}

Marginals unaffected
by correlation strength

1 ! ! L 1
01 02 03 04 O.

1 1 ! I I 1 1 1 ! !
01 02 03 04 O 01 0.2 03 04 O

-01 0 01 02 03 04 0.kt 0.1 0 5 0 5 -01 0 5
)'32;_ R,,vsp R, vsp 03 R, vsp Ry vsp
0.3F - . F
),28:— C1/C2 1'1— C3/C1 )28 C3/C2 |_05_— C4/C2
|.05F

).95}

0.9}

).95

0.9}

).85

! ! ! ! I
01 02 03 04 0O

!
-0.1

0

WAYNE STATE
UNIVERSITY

[ 1
5 -0.1

0

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015

! ! ! ! !
0.1 02 03 04 0.5

1 ! ! ! ! I 1 1 !
01 02 03 04 0. 01 02 03 04 0.

n

~

40



Cumulants & Correlations Let’s get quantitative!

0.5p ’
: .05 x-axis in all frames is p

(controlled correlation parameter)
Black:  net mult, controlled correlation

Gray: net mult, sampled singles/IRV
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Cumulants & Correlations

Let’s get quantitative!

0.5

: rvsp ; . . .
04k r 05 X-axis in all frames is p
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Cumulants & Correlations

Now let’s do the same thing at 11.5 GeV

marginals for net-p 0-5% at 11.5 GeV

S0r= N2 (pos) vs N1 (neg), Sampled I N_ N,
C . 10e Mean 10.31 Mean 10.61
C . a RMS 3.17 RMS 3.108
40:— _§1I!l" 1[}4;_
aui— —;m" 103;—
29:_ —;uf 10°
‘1[}} - Iu:n 10;—
B I 1 1;—
D 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I q: 1 1 1 1 1 1 1 1 1 1 | L L il il | L il il il | il | L I L I L L il
0 10 20 30 40 50 1] 10 20 30 40 50 40 60 BO 100
" N e 02977 a=-054 p=-0.21 10 pi 10.01
107 RMS 0.545 X: Set p=0.00 n=72.80 Y: Set p=0.03 n=367.09 . BMS 3399
E X: Fit p=0.00 n=72.66 Y: Fitp=0.03 n=367.15 .|
ol X:SetC,=03C,=0.3 Y:SetC,=10.3C,=10.0 2
E C;: net10.01 pos10.31 neg 0.30 ,
o C,: net11.04 pos10.05 neg 0.30 1o
E C,: net 9.24 pos 9.67 neg 0.30 B
ok C,: net10.23 pos10.72 neg 0.29 10° €
E C,/C,: net0.837 IRV 0.906 F
10k C,/C,: net0.927 IRV 1.064 100
Vgn! 0215£0.005  v,.: 3.670+0.005 :
T T T T R Kendall t: -0.262 Spearman (2/3)p: -0.268 = | I T
0 10 20 30 40 50 -40 -20 ] 20 40

absolutely measurable intra-event correlations in C, and C, & the various correlation indices.

This is not about C,neg (pbar) being so small there can’t be any effect from correlations,
it’s about C,neg being large enough to see the possible intra-event correlations... And it is!

WAYNE STATE
UNIVERSITY
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Cumulants & Correlations

Fine-tuning the experimental control of pg?

We tacitly assume that a tight (0-5%) centrality cut at a given Vsyy  <Hg>
beam energy tightly constrains the events on the phase diagram... 77 121
If this Is not true, then the experimental signal could be 115 316
buried by events that are not near enough to the critical point to '
result in the expected enhancements to the moments products. 19.6 206
' ' ' 2
What is the variance of pg in such samples of events® 27 156
This question was studied by coupling URQI\/ID ano! THI_ERI\/IUS. 39 112
URQMD 3.3p1, default parameters, six centrality bins
save identified particle multiplicities in 1fm/c time-steps 62.4 3
run Thermus for each time-step in each event, GCE 200 24
| E{citation function for freeze-out eccer:tricsig,. i: m|m‘m.mm R o~ G T T
0.4’_— a cenzs-ncrls.zoosqlw-z.mp 0006: O NA49 Pb+Pb, 0-3.5%
w* E ol 1 % STAR UrQMD, Au+Au
0.3 e IR 0-004;— wpi STAR HSD, Au+Au
= 1] e Elrmme 0002 AT
02__ e SRR : >§ o; — — ¥ , ¥
C -0.002(— ot = X
0.1} - T
B -0.004F .} N
- £y - i
0; -0.006:— e STAR Preliminary
.?‘:' STAR preliminary -0.008—
1 10 10? W(GW)W’ -0.01" '1'0 ' S '"J)z \jsTN(G:eV)

M. Lisa, Workshop On Fluctuations, Correlations and RHIC LE Runs,

BNL, Oct 2011

WAYNE STATE
UNIVERSITY

T. Tarnowsky for STAR, QM2011

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015

* Cleymans et al. PRC 73, 034905 (2006)
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Cumulants & Correlations

Example Fits of a single event vs. time, 19.6 GeV, 0-5%

" Exp idt=5 iev=1 " Exp idt=20 iev=1
T 0.155+0.155 GeV F T =0.163+0.097 GeV
Flg = 0.290+0.397 GeV g = 0.308+0.227 GeV
1olhg =0.110:0.102 GeV 1okt = 0.081:0.044 GeV
y =0.242:0.620 GeV EY = 0.297+0.268 GeV
 2/DOF=0.024 . 2/DOF=0.138

10" E
107 =
10°F 10° 3
104||||l|||||||1D,4||||||||I|||
*"‘hn.,,,”;_'irf:,( i\;fn% Ry, 'i"""w?,f,:; Wt e’f_‘;,. L l‘ﬂ”iag a;: tig 4”'011 L“”’Gu‘% iy, an, e 4fn o b, i, ’D'bf an, p’“"”nf:; D, L%bd ang Lq"’anés;a"{UGM
107 10 3 . .
Exp idt=80 iev=1 F Exp idt=100 iev=1
T 0.141+0.010 GeV rT=0.141:0.010 GeV
Flg = 0.367+0.026 GeV g = 0.367+0.026 GeV
10fte = 0.048:0.012 GeV tofte = 0.049:0.012 GeV
y =0.422:0.072 GeV E 1{ =0.422:0.072 GeV
2IDOF— 0.263 If/DOF— 0.272
. ",
, [ ) | [
10'F 10"
102k 107
10° 10°
: t:80f /c = (=100fm/c
ey I | | | | 1 1 ey . [ 1 1 | L 1 1
R ‘?"’K ‘7"”%*’% “" e %* ’%M" a"’%h”'ﬂ"ﬂrp"hnoﬂ La»ma‘% anﬁ”";?m‘ﬂi:"% o, a"”**/fr?m, an’*%”l:f{:; “"m%rﬁzfd_,gmLM;’;';%_D”M
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" Exp idt=40 iev=1 N Exp idt=60 iev=1
T 0.143:0.009 GeV r T =0.141+0.010 GeV
U = 0.368+0.024 GeV g = 0.367:0.026 GeV
okt = 0.05720.013 GeV 1okt = 0.049:0.012 GeV
y = 0.403:0.063 GeV FY = 0.423:0.072 GeV
F2/DOF= 0.261

2IDOF- 0.126

10°
t=40fm/c t=60fm/c
) T T T T Y Y
Aty w;:""wx?:"'% "fm 301;_,(”3’:_‘;{;- an,f_% J;c:ﬁ; czn,,_% ’;F;’:f” ang;. L%Dn‘ La”'bdm_ i &,,_h/;:,h% A’m Wiy, ’:*Q’?;{Z,-, At ,-::l;h ang; e, lan)%m La"'bd; “"ﬂog

v Exp idt=200 iev=1 v F Exp idt=499 iev=1
T 0.141:0.010 GeV [ T=0.141=0.010 GeV
U = 0.367+0.026 GeV g = 0.367:0.026 GeV
ot = 0.048:0.012 GeV 1oHg = 0.048:0.012 GeV
y = 0.420+0.072 GeV E y =0.420:0.072 GeV
hd F,£/DOF= 0.276

2IDOF— 0.276

10°F
N Y I Y S N I (et B I N O I
g, 2, B o, an,ﬁ,%n,:,’:—;‘ ol %Lambda;;n{ f’ni”é;;iw% Wy, 0, ”'*m angey, g;,;f;‘ Wage e aan,bc%m st fo
ff.ﬂ
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Cumulants & Correlations

Example Fits of a single event vs time, 200 GeV, 0-5%

10° 10"
Exp idt=5 iev=0 Exp idt=20 iev=0
T 0.168:0.003 GeV [ T =0.148:0.002 GeV
U = 0.088+0.010 GeV g = 0.052+0.008 GeV
jolitg = 0.024:0.008 GeV jokig =0.015:0.006 GeV
\{ =0.472+0.028 GeV E y = 0.480+0.026 GeV
2IDOF- 1.227 :x"’/DOF- 0.796
1k
10" E
107 0%
10°F 10°E
) I I v Y
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107 10"
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U = 0.058+0.007 GeV g = 0.066+0.007 GeV
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1 E
10" E
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10° 10°
) I I o Y
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Cumulants & Correlations Example time dependence of the ratios, 200 GeV, 0-5%

10°

10 freezeout ~ hundreds of fm/c

—r
T

10 =
| — anti-pi+/pi+ anti-K+/K+ anti-p/p K+/pi+
— anti-K+/anti-pi+ p/pi+ anti-p/anti-pi+ p/K+
— anti-p/anti-K+ Lambda/p —— anti-Lambda/anti-p —— anti-Lambda/Lambda
10-3IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 100 200 300 400 500 600 700
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

60-80%

Fit Examples, UrQMD by root-s and centrality

40-60%

20-40%

10-20%

5-10%

0-5%

Parfact Avg Event, ' =y 7GeV, 60-80%|

Perfact Avg Event, ‘ = 7GeV, 40-60%

= 7.7GeV, 2040%

Perfact Avg Evnm_‘ »

Parfoct Avg EvnnL‘ s 7.7GeV, 10-20%

Perigct Avg Event. “sm =7.7GoV, 5-10%

Perfgct Avg Event, \[sm‘ 7.7GeV, 0-6%

3
a
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r
r
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r “r
1 1
101 i o
102 107 r
107 107 r
s - Leee
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Perfect fivg Event. ﬁqm&:v. 40-60% Perfect Avg Event, ‘ 7.0GeV, 2040% Perfect Avg Event, ﬁqr.oew 1020%
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Cumulants & Correlations ug distributions at freeze-out, 0-5% and 5-10% central

Run UrQMD to 500-800 fm/c in each of thousands of events, plot Probability(uiz) by Vsyy

> [ FOu_ by \Sye 0-5%
;; 1015— 7.7 1.7
g7F m 115
o [ ’J L L
oL L
- L ﬂ T 39
- E - P |I i‘ 62.4
0% T e T o 04 05 o0s
FOu by\s 5-10%
10" =
10% =
: :|:‘|7 | |—|_r
10'30 rl;3 H H “oa s o Mg (MEV)

For the pg range of interest (Lug>~200MeV), the pg distributions are ~200 MeV wide!

Compare to expected pg-width of critical enhancement of A(pg)~50-100 MeV...
C. Athansiou et al., PRD 82, 074008 (2010), R. Gavai & S. Gupta, PRD 78, 114503 (2008)
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Cumulants & Correlations Use event-by-event values of pbar/p to constrain event-by-event values of pg

. (anti-p/p) vs i (GeV) Use event-by-event pbar/p ratio to
] gate the moments analyses!
I . 0-5% centralit
! . ) pbar/p = exp(-2ug/T)
N error bars here are
m#ﬂ the RMS values! Temperature is a weak function of
107~ 11%& (+1o about mean) centrality and Vsyy
- |lLLL S. Das for STAR, QM2012
n \| ||l
- qmw = Direct relationship between pbar/p
i H + and apparent pg values event-by-event!
B |
|
B \ ! I '!lll [ )
! . o
i Significant overlap in pg distributions
102 [~ ' 4*1' . from different root-s values even in
[ (0.0)+(-14.01_ ‘ A ' 0-5% central collisions
- Plp=e | ‘ “I 1 Pe® o
| 14=2T > T-140MeV I trend also holds for less central events
w/ non-zero pbar and p multiplicities
L1 1 1 | I I | | L1 1 1 | 1 1 1 1 | | I I |
0 0.1 0.2 0.3 0.4 0.5
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 50
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Cumulants & Correlations

Use event-by-event values of pbar/p to constrain event-by-event values of pg

IIIII|

(anti-p/p) vs u, (GeV)

. 0-5% centrality
N error bars here are
K the RMS values!
71%. (=10 about mean)
N lL
| LL
%
.m |

|L\“
102 ol
- T 41 77
- (0.0)+(-14.0)u s
- Plp=e ° “l 10’-’-
B | i
i 14 =2/T - T~140MeV |
L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 |
0 0.1 0.2 0.3 0.4 0.5
WAYNE STATE

UNIVERSITY

Bin | p/p ratio pp (GeV)
1 | 0.020-0.029 | 0.279-0.252
2 | 0.029-0.043 | 0.252-0.225
3 | 0.043-0.063 | 0.225-0.197
4 |0.063-0.093 | 0.197-0.170
5 | 0.093-0.136 | 0.170-0.142
6 |0.136-0.200 | 0.142-0.115
7 | 0.200-0.294 | 0.115-0.088
8 10.294-0.431 | 0.088-0.060
9 |0.431-0.632 | 0.060-0.033
10 | 0.632-0.928 | 0.033-0.005
11 | 0.928-1.363 | 0.005-70.022

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015




Cumulants & Correlations Net-K C,/C, gated on pbar/p

D. McDonald, Ph.D. Thesis, Rice University (2013)

ok Vs =77GeV | 5w = 11.5GeV | Vo = 19.6 GeV
1 . ., -
" T
% IR "4

ko2 net-kaons

[

[
!
-

I

!

|

-

t"ﬂ_

-

) 1t +
S of ~
1F -
20 | | | LIC | | | | L I | | | |
4 6 8 10 12 4 6 8 10 12 4 6 8 10 12
p/p bin p/p bin p/p bin
W%IIIN%ES[GTYE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations Summary

IRV cumulant arithmetic (or “sampled singles”) imply:
at most weak intra-event correlations of Np and Npbar, within the present uncertainties. ..
strong intra-event correlations for Npos and Nneg for ~central data at 62.4 and 200 GeV

“Clinical study” (fixed Poisson or Binomial marginals from data, controlled correlations)
...Relative insensitivity of C,/C, to Np and Npbar intra-event correlations...
...Even cumulants strongly depend on such correlations, odd cumulants do not.
Implications for cumulants+LQCD to extract (ug, T)? Dependence on rapidity window?
...C, and C, still depend strongly on intra-event correlations even when C,neg (pbar) ~ 0...
As long as the variance is large enough to fill several bins, correlations are visible!

Intra-event correlations of Np and Npbar are not the correlations we are looking for though!
“independent production” is not a baseline for critical behavior,
but does focus the attention on the 4" cumulant of the protons alone.

Proton-only C, for CEP search? ...Net-p cumulant ratios for comparisons to LQCD & (ug,T)?

Need to revisit measurement of all possible pure and mixed p and « cumulants...

Simulations suggest gating on g event-by-event via pbar/p may be possible...
should have improved resolution on this in BES-1I

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015 53



Cumulants & Correlations

BACKUP SLIDES

%ﬁ%’%gﬁ? Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Cumulants & Correlations

Comparison of (N)BD to uncorrected net-proton C, vs. centrality by Vs

<t [ p-PC,vsNpart,vs =77 G

O 12_—

10

oL - :
0 50 100 150 200 250 300 350

121

p-P C, vs Npart, Vs =11.5 GeV

50 100 150 200 250 300 350

12

10

p-P C, vs Npart, Vs =19.6 GeV

50 100 150 200 250 300 350

p-p C, vs Npart, Vs, =39.0 GeV

12

10

12

10

p-p C, vs Npart, Vs, =62.4 GeV

]
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0
0

p-p C, vs Npart, Vs, =200.0 GeV

- p-PC, vs Npart, Vs =27.0 GeV

0
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Uncorrected Au+Au
® Measured p-p
(N)BD p-p
A Measured p
(N)BD p
v Measuredp
— (N)BDp
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350

Npart
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uncertainties are
statistical-only

(N)BD C, !=data C4

for 0-5% @ 19 GeV...
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Cumulants & Correlations

C, (mean) vs. centrality by Vsyy

16 16 16 16
p-P C, vs Npart, Vs, =7.7 GeV p-P C, vs Npart, Vs =11.5 GeV p-P C, vs Npart, Vs =19.6 GeV [ p-PC, vs Npart, Vs, =27.0 GeV
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Cumulants & Correlations C; vs. centrality by \/SNN

14'_ p-B C, vs Npart,vs = 7.7 GeV 14'_ p-B C, vs Npart, Vs =11.5 GeV 14'_ p-B C, vs Npant,vs  =19.6 GeV 14'_ p-B C, vs Npart, s =27.0 GeV
12:— 12:— 12:— 12:—
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Cumulants & Correlations Quantifying the strength of correlations from the 2D distributions

Define an observable based on the 2D plot, or contingency table, that summarizes
the degree of correlation between X and Y into a single value.
Statisticians call such an observable an “index”.

1. Pearson product-moment correlation coefficient, r...

o (X = X)Yi—Y) [ — -
— - = - = glves the strength o
\/Ez'=1[:Xz' - X)E\/Ezsl'iyz’ — Y)E ’ ’ linear correlations
i lati | ! between X and Y.
r<0 anticorre a'FIOﬂ COV(X, Y) o< p<r1 p=+1 p=0 p = 0 does not imply
r=0 no correlation V= independence!
r>0 correlation Tx%y | | |
NaA(Np — 1 N(Ng — 1 NAN
2 v = VAW =1) | (NoWs —1)) ) (NaNo) g

2 2
(Na) (NB) (Na) (NB)
S. A. Volshin, Proceedings of INPC 2001 , 591 (2001), arXiv:0109006 [nucl-ex];
C. Pruneau, S. Gavin, and S. Voloshin, Phys. Rev. C66, 044904 (2002)

vayn>0 anticorrelation
vayn=0 uncorrelated (and Poisson marginals, by construction)

den<0 correlation Alternatively, use Koch/Jeon form and

calculate Poisson or (N)BD baseline directly

_/ (A BY\_{H (BY) (4B
"<(<A> <B>)> (a7 "By A
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Cumulants & Correlations Quantifying the strength of correlations from the 2D distributions

Kendall T, Spearman p

Let (X1, y1), (X2, Vo) ..., (Xn, ¥n) De a set of observations of the joint random variables Xand Y concordant discordant
respectively, such that all the values of (x;) and (y; are unique. Any pair of observations (x; y) and
(x;, ;) are said to be concordant if the ranks for both elements agree: that is, if both x;> x;and y;> y;or ° . L

e

if both x;< x;and y; < y; They are said to be discordant, if x;> x;and y; < y;or if x; < x;and y;> y; If
X; = Xx;or y; =y, the pair is neither concordant nor discordant.

The Kendall T coefficient is defined as:
Spearman r is numerically similar

(number of concordant pairs) — (number of discordant pairs) _ _ :
' 18] in general. Uses triplets not pairs.

in(n—1)

T =

Distance Correlation G. ). SZEKELY1 AND M. L. RIZZO The Annals of Applied Statistics 2009, Vol. 3, No. 4, 1236-1265

Most complicated calculation by far, and very slow, but the “best”
index for indicating the degree of correlation.

Distance correlation (0 < dCor < 1)

0.1 0.3 0.8 L

Pearson’s correlation coefficient (-1<r<1)

L 0y 0.3
1 0.8 0.4 o -0.4 0.8 -1 / ﬁ‘ ; Eﬁ’ - el
4 o g
- R b 1 1 1 L 1 L

1 1 1 -1 1 1 \
/ -“_’_,-"/ " o e B S "““-..__H \\ 0
o o 0 . & ¥
.3%' if:?i'ﬁ 4 {H%-f' g = 3 0.4 0.2 0.2 05 03 0.2 0
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Cumulants & Correlations net-p Cumulant+LQCD vs. net-q Cumulant+LQCD vs. SHM

W.J. Llope, Bulk Correlations PWG Meeting, Nov. 27, 2013, http://wjllope.rice.edu/fluct/protected/bulkcorr_20131127.pdf

LQCD .LI.B!'T VS. {_Npm>

39 GeV 62.4 GeV net-p 200 GeV
—e—STARR,,
0.8_ 08 — = STAH Rﬁ'q 08_
—— STAR SHM
: —— HRG
0.6 -a—® 06l 0.6F

0.4f 04 —//. _wm |04F

0.2F 0.2f 0.2- e®
: =¥—&—-$_4 —

Or | | | Op | | | or | | |
0 100 200 300 0 100 200 300 0 100 200 300
Npart

Cumulants+LQCD imply pg/T decreases as centrality decreases (similar to SHM w/ GCE)
ug/T from net-p and net-q diverge as \sy,, decreases.

ug/T from net-p > pg/T from net-q

SHM results similar to the Cumulants+LQCD values (in between net-p & net-q)

%,EN%%G}E Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015



Cumulants & Correlations

ug/T from fluct net-p and net-q

= —e— STARR,, "
6{2 ms STAR SHM
: — HRG

200 GeV

—&— Ry, p, lyl<0.5, RM3
R,, p. lyl<0.5, bbc
R,, p. lyl<0.5, emce
R,, P(-TOF), lyl<0.5, RM3

0.3+ R,, p. Common, bbc
' R,, p, Common, emce
—=&— R;, p. Open, bbc
—&— R;,; p. Open, emce
0.2~
=S
———0
3 1 (l)O 2(|}0 3(1)0
N
WAYNE STATE

UNIVERSITY

0.4

0.3

0.2

STARR;
STAR SHM
HRG

R,, q, mi<0.5, RM2

R,, q, ni<0.5, bbc

R,, Q. ni<0.5, emce

R,, q(TOFmaich),

R, g, Common, bbc
R,, g, Common, emce

R,> q, Open, bbc

R,;> q. Open, emce

ml<0.5, RM2

|
100

|
200

Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015

|
300
N

W.J. Llope, Bulk Correlations PWG Meeting, Nov. 27, 2013, http://wjllope.rice.edu/fluct/protected/bulkcorr_20131127.pdf
W.J. Llope, Bulk Correlations PWG Meeting, Feb. 11, 2014, http://wjllope.rice.edu/fluct/protected/bulkcorr_20140211.pdf
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Cumulants & Correlations ug/T versus N, from fluct net-p and net-q

o —e— STARR,, "
612— = STAR SHM
1 200 GeV | — HRa

—&— R, p, lyl<0.5, RM3

R,, p. lyl<0.5, bbc

R,, p. lyl<0.5, emce

R,, P(-TOF), lyl<0.5, RM3
0.3+ R,> p, Common, bbc

R,> p, Common, emce
—— R, p. Open, bbc
—&— R, p, Open, emce

0.2~

0.4

0.3

0.2

0.1

STARR;

STAR SHM

HRG

R, q. ni<0.5, RM2
R,, q, Inl<0.5, bbc
R,, Q. mi<0.5, emce

Lt

- R,> q, Common, bbc
R,> . Common, emce

—=— R,;»q, Open, bbc

—&— R, q, Open, emce

R,, q(TOFmaich), lyi<0.5, RM2

net-proton pg/T: | net-charge pg/T:

not sensitive to the centrality definition n> sensitive to the centrality definition
very sensitive to the A(n,y) range allowed & the A(n,y) range allowed
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Cumulants & Correlations

Determining Average values of (ug,T) for given sample of events (@ centrality, \/SNN). .
A ...Ratios of yields (C,) of different particles + SHM (e.g. THERMUS)
B ...Ratios of Cumulants (C,/C,) + LQCD (Taylor-expanded susceptibility ratios)

Looking for a critical point...

C ...Critical opalescence > increasing correlation length > non-mononotic Vs,
behavior of particle multiplicity cumulant ratios.

I’ve shown that the results from B depend on the (psuedo)rapidity range over
which the cumulants are measured. Obvious A must also be sensitive to this choice.

Are (pseudo)rapidity-dependent correlations playing a role?

o Ty & t ------------------ .
V. Koch, BNL Riken - e G S & ®
Fluctuations Workshop, : > so8 L 1 N
BNL1 2011 \’\ﬂ/ A Ymu y § ® o0 $ (a) STAR net-proton data
Y. f.’_'- 06 T T * 0 70-80% @ 0-5% |
Condition for “charge” fluctuations: % ol (lyl{o.si:;t::égiwc)) i
OIAX e << A Yamp( (catch the physics) ) - Poisson :
2)A Ymml >> A Yaccq)l >> A Ycoll (keep the physics) 10 _: i Au + Au;Col;Iision;S gt: Iéli‘-IIC : .
There is also a “dip” in the net-proton cumulant ¢ | I *a #?i ____________ ¢ |
. o O
ratios (C,/C,=Kc?) near ~19.6 GeV &
- - - - - (b) STAR net-charge data
Is this the dip from the NLSM, indicating  § .| D 70.80% ® 0 5% |
-, . - - - [()] (|<0.5; 0.2<p<2.0(GeV/c))
critical fluctuations/correlations in the p z 1 = -
. . . . . y ‘ ‘ T |D\ISSOH |
and pbar multiplicities due to a CP? 510 20 50 100 200
Colliding Energy Vs, (GeV)
WAYNE STATE Workshop on the RHIC Beam Energy Scan and the QCD Phase Diagram, BNL, Feb. 26, 2015
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Fluctuations of Conserved Quantities in High
Energy Nuclear Collisions at RHIC

Xiaofeng Luo (% BélE)

Central China Normal University (CCNU)
Feb. 26-27, 2015

Theory and Modeling

from Exploration to Discovery

RIKEN BNL Research Center Workshop .
February 26-27, 2015 at Brookhaven National Laborato




Outline

» Introduction
» Analysis Techniques
» Results for Net-proton and Net-charge.

» Summary and Outlook

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 2/26



Temperature 7T

Hatsuda and
Fukushima

Nuclear

Superfluid

Baryon Chemical Potential us
Very rich phase structure in the QCD phase diagram.

Fluctuations of conserved quantities, such as net-baryon (B), net-charge (Q)

and net-strangeness (S), can be used to probe the QCD phase transition
and QCD critical point in heavy-ion collisions.

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 3/26



SO\ b . : “‘é‘l“*'e
/ \ \\‘ 5 =
€ Search for the QCD Critical Point (CP) s
DSE: ™[ conn so1a merer 7 T T CroD 2014, YX
. ' A ) , Y.X. Liu -
| CPOD 2014, FISCheﬁ"" e/ T=2 T 0.16 | T-°~0.150 GeV |
150 :.':.:-:f:i‘".‘i?f;}fif::;igf'f‘?f:f_‘_"'"""-,;.-x-'ii'.'.’.‘.}»l.‘_s,/.T_ é | 0.14 e "~*-r*_-:;-_+:e-_-g-..r;£'.%'TE]I"[D'124'D'129]Gw_
_ “““a,*\_\ i 5, ' T:T“U.I-I#E GeV ---_'“'\.:'ML%
E 100k d o .\_ 5 0.12 L %
= Lattice: curvature range k=0.0066-0.0180 - (., T ~{0.120,0.124)Ge V]
. — 010t = C -
- -~ DSE: chiral crossover
50 ® DSE: critical end point —
= DSE: chiral first order 0.08
-—-= DSE: deconfinement crossover 1
P ) - - - 0.06 P RS AU R TR N T NS S N
09 50 [11(\1)40v1 750 200 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Ho 1Y€ GeV
o | | | | n [GeV]
| Lattice QCD ]
Critical point estimates: 1) S. Datta, R. Gavai, S. Gupta, PoS (LATTICE 2013), 202.
T 1 UEL/TE~ 1.7 D sy ~ 20 GeV
| Mumbai Nt=8 |

@ Mumbai Nt=6

E ool 2)Y. X.ELiu, et al., PRD90, 076006 (2014).
LEL/TE~2.88 D Vs, ~ 8 GeV
0.8} 3) C. S. Fischer et al., PRD90, 034022 (2014).
UEL/TE~ 4.4 > Vs, ~ 6 GeV
0.7 i 5 3 4
ug/T

Different theoretical calculations give very different CP locations.
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ligher Moments

Experimental Observables: Higher Moments of Conserved Quantltles (q B, Q, S).

10° o« o
1): Sensitive to the correlation length ( §): " AurAu 200 GeV C0-5%
8 o [ 0:4<p,<0.8 (GeVic) J'E*! = 30-40%
5 E lyl<05 s o
, , g ) 7 L‘l'>JJ 10tk a 70-80% |
<(5N) >C :::5 ’ <(5N) > 5 ’ <(5N) >C zé B 103 ;_ :. ° ¢ [ | ** —
- g . n E
(D - &} - .
E 102 g_ *m o i - ** —g
2): Direct comparison with calculations: > L ot ]
n 2 J,T' ' ' 7
%4 %q () S 1T Tl 1| ':(’:(13
q

2

el - 20 10 _ 0 10 20
Ko 1 nt" order susceptibility Net Proton (AN,)
! for conserved quantity q. ' . . .
10.0 t Hp =0 voom
3): Extract chemical freeze-out parameters. -+ | B8 Qe
80 r 1 S
An independent/important test of thermal , L Xa
equilibrium in heavy-ion collisions. 6or | i
T J;: open: N.=4
References: 40 "%‘; full: N.=6
- STAR: PRL105, 22303(10); PRL112, 032302 (14). PRL113, 092301 (14). ¢ I
- M. Stephanov: PRL102, 032301(09) / M. Akasawa, et al., PRL103,262301 20| o ®f. + |
(09).R.V. Gavai et al., PLB696, 459(11) // F. Karsch et al,PLB695,136(11) // a&f&% 4§ 5 + 5B 5
S.Ejiri et al, PLB633, 275(06) , PBM et al., PRC84, 064911 (11). 0.0 & . . T [MeV] _
- A.Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., PRL111, 150 200 250 300 350 400 450
062005(13) //S. Gupta, et al., Science, 332, 1525(12). M. Cheng, et. al., PRD79, 074505 (2009).
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RHIC Beam Energy Scan—-Phase |

In the first phase of the RHIC Beam Scan (BES), seven energies were surveyed in 2010 and 2011.

Vs (GeV) | Statistics(Millions)| Year | pg (MeV) T (MeV) Mg IT
(0-80%)
7.7 ~3

2010 3.020

11.5 ~6.6 2010 316 152 2.084
14.5 ~10 2014 264 156 1.692
19.6 ~15 2011 206 160 1.287
27 ~32 2011 156 163 0.961

39 ~86 2010 112 164 0.684

62.4 ~45 2010 73 165 0.439
200 ~238 2010 24 166 0.142

Chemical freeze-out ug T : J. Cleymans et al., Phys. Rev. C 73, 034905 (2006).

The main goals of BES program:

» Search for Onset of Deconfinement.

» Search for QCD critical point.

» Map the first order phase transition boundary.

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 6/26



» Large, Uniform Acceptance at Mid-
» Excellent Particle Identification

» Full TOF became available in 2010

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015



Published net-proton results: Only TPC used for proton/anti-proton PID.
TOF PID can extend the phase space coverage. STAR, PRL 112, 032302 (2014)

0|

-0.2

TPC PID
- TT T T T -
14:— 39GeV m
12~
E 10
> K
C ot
g -
W 6
° T
MR
-05 0 05
p*Charge (GeV/c)
TOF PID:
1.2” . e'\'/"l I-Il! T T T ,%‘!107
E [ = = 10°
0-82— : _i E1o5
~ 06 . 3
= F ;
0.2:— E

2 15 -1 05 0 05 1 15 2
P*Charge

2.5

p_ (GeV/c)

|IIII|IIII|I[II|IIII|IIII|

LT T T
w

Proton Rapidity

Doubled the accepted number of proton

1) Sufficiently large acceptance is important for
fluctuation analysis and critical point search.

2) Need phase dependence efficiency correction,
since eff. change dramatically between :
TPC (&1pc~0.8) and TPC+TOF(grpc*€roe~0.9).

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 8/26



Avr s
A&

Efficiencies for Protons and Anti-protons ~ sis®

Au + Au Collisions at RHIC B

@[ mw-zoeev @ isw-e2acey | @lsw-sveev | <4>Vs~~=27GeV/
6 0.4<p-<0.8 (GeV/c) 0.4<p-<0.8 (GeV/c) 0.4<p-<0.8 (GeV/c) 0.4<p-<0.8 (GeV/c)
C T _g T x T x T TPC
o 29 o0 o0 22002
2 o o2* o2? o2 Pias +TOF
—
m - A__A_-A-’A-'A' -A-A A - A__A_-A-A-'A' -A- A~ A'ﬁ___::

06 - __A__ _—A—_A__A—A_** _ A_‘A‘_A_ I = -A-A A——A—_A_A_** A A_ A A"
o Y Ay AN Al NS AR/
@® AL AALT Ay &
.8_ 0.8<p,<2 (GeVic) | & 0.8<p <2 GeVie) | & 0.8<p,<2 (GeVic) 0.8<p,<2 (GeVic)
g b STARPIReY |
% ; (5) Vs = 19.6 GeV (6) Vs = 11.5 GeV (7) sy = 7.7 GeV

””””””””” r 1 | Efficiencies
O 0.4<p<0.8 (GeV/c) _& 0.4<p;<0.8 (GeV/c) 0.4<p;<0.8 (GeV/c) (IyI <0 5)
0099 -0 ¢ '
2 o8l &%ﬁ . g&@ﬁiﬁ& 333—331&<>$ .
© Proton
5_ A A-A- ® low p; (TPC)
-A-A-A-A- | -A-A-A-A-A- A high p; (TPC+ToF
C 06l aaAA A |  a-AA7A | aAA o )
. Y T AN Ay T ANATR A .
_g | Aja 22—A—'A At | daai e et | Anti-proton
s ol 0.8<p<2 (GeV/c) | 0.8<p<2 (GeV/c) | 0.8<p<2 (GeV/c) | 2 ::’i‘ghp;:?fgﬁolz)
) I R N N N N S R R SR N N A

. | . | . |
0O 20 40 60 800 20 40 60 800 20 40 60 80

Fraction of Collision Centralities (%)
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Efficiency Correlation and Error Estimation

We provide a unified description of efficiency correction and error estimation for

higher moments analysis in heavy-ion collisions.
X. Luo, arXiv: 1410.3914

Frvira (N Np) = o (Npy + Ny Ny, + W) Error Estimation: MC simulation

T, T2

= i1)81(r, i) < (N, + Ny YL (N, + N, )2 >
Z Z 81(r1,41)81(re,42) < ( p T pz) ( pt P2) 6 i Skellam Distribution (6, 3)
i1=012=0 j Number of Events: 1 Million ]

rL T 1) it ‘ i io ) » : ‘ e K 62 1
=Y Yamise <X (4 )MmE (7 )N g e Tse -
— s O « 02/M 1
11=012=0 §=() t=0 = C ]
Ty T2 4 g . : % i II." Error: Delta Th |

_ Z Z ZZSI(Tl’il)Sl(TQ:iQ) ( Z; ) < th ) < N;,i—SN;zN;T_tN;,? > :(_§ 2j rror: pelia eorem i
i1=01i3=0 s=0 t=0 SN |
ry To 1 i i1—8 8 do2—t ¢ . . 7‘% __t s SRy Y il
YT S St (1) (4

' ’ S t 0 0.2 0.4 0.6 0.8 1

11=0122=0 8=0 t=0 u=0 v=0 j7=0 k=0 Efficiency (e)
X 89(i1 — 8,u)82(8,v)82(i2 — t,7)s2(t, k) X Fypjk(Ny,, Ny N, N3, ) - 1
PR Fitting formula:  f(e) = —=
Vne
We can express the moments and cumulants in terms of the
. . . .. One can also see:
factorial moments, which can be easily efficiency corrected. A Bzdak and V. Koch
Juw,jk(Mp, s Ny, 5, 15,) PRC91,027901(2015) ’
Fu,v’j,k(N ,N ,N— ,N—): yUsds 1 2 .1 2k ) ]
p1>*Vp2> A VP> VP2 (€p1) "  (Ena)" (€)Y (€3) PRC86, 044904(2012).

For other analysis techniques, see: STAR, PRL112, 032302 (2014); PRL113, 092301 (2014).
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Verification of the Eff. Correction with Model

AMPT model;: Au+Au 39 GeV.

Set different efficiency for two p; range. .5 'Aﬁeﬂ 3GV avpT | BE wwesmpw
. . - 3 ] E O o
(0.4, 0.8):80%, (0.8, 2):50% forp  20f04<p <2 (@evicyyi<o5 Jowp JEe e e
E  Eff: 80%, p, ~(0.4,0.8) ® 3 150 3
and pbar' (5_155 Eff: 50%, z;(o.s,z) ¥ 10 155 LI 0 ]
101 . ; o B 7 1F ®» O E
-] a2 ¥ E = » O E
80% | 0@ 1 | 1 _: 0@ | 1 1 —:
7 100 200 300 100 200 300

o i i
2 i i (IR - S
Q 50% I ] - ]
o 05 - R Y 20 .
&= 10__ ® ] u i l\ ]
L i i i _ 1 _15F ]
™ ) ] < - { 7]
I _ St Y oo ot ¢ d 3 ]
L 4 5k ¥® (] ] 10:_ @ 0O e
i i ¢ O ] 2 E
. Random Sampling ] W I * U :
T S B R ol ] Y E

) ) 100 200 300 100 200 300
P, (GeV/c)

Average Number of Particpant Nucleons (<Npan>)

1. The eff. corrected results match the model inputs very well, which indicate the
efficiency correction method works well.
2. The error estimation for eff. corrected results are based on the Delta theorem.
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Results: Mean Net-p, p and pbar ~ sia

WE N77GeV  * T (BY115GeY T (6196 GeV
; (a) 7.7 GeV e (b) 11.5 GeV ! (c) 19.6 GeV | AurAu Colisions
300 T . . T 1 04<p<2(GeVic)lyl<0.5
20| : + IR el e Netprown
i . 1 ° 1 L : © Proton
i 1 ® T b ] ;
10F * T ) T < b < Anti-proton
C C ° I e I e ]
8 O 7gq} ﬁ} ﬁ} @ \ {‘F {;‘J < ji}ﬁ?}: A;I \{hl ' {:‘L—‘ | :{bx n nﬁ}l | {:r] ‘7:7\*‘;% |:‘ Iq}. | {.b 1 :‘1‘}‘. L ,ﬁ}l | Q.J .j STAR Prellm’nary
L I L A L BB R B | T
S ' (d) 27 GeV | (e)39 GeV | () 62.4 GeV [ () 200 GeV
20_ o1 N 1 1
I O o T ) R o T
. A @] . .
10- . 1 e 1 © . - o & %)
- ‘ : + O [ ] + o & CER o L
i‘ ; o oow : @] : ; @ ¢ ’ ’ O 3 . * : @ é} ’ o °
L - L o e L oz 1 o
Oflig.g‘? I{F“ L :ﬂ]. TR R .77@%\% \rﬂju P R TS ST T \"ldauﬁ\ﬁ\ I STI N R SR R SRR ﬁ? .\ I.\ | |.\ Ly by

L
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300

Average Number of Participant Nucleon <Npan>

» Mean Net-proton, proton and anti-proton number increase with <N__ >

part

» Net-proton number is dominated by protons at low energies and
increases when energy decreases.
(Interplay between baryon stopping and pair production)
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Higher Order Cumulants for Net-p, p, pbar

Au+Au Collisions  0.4<p <2 (GeVic),|y|<0.5 ® Net-proton O Proton <> Anti-proton STAR Prellmmary

wf 776V [ TTE GV 196GV ] [ 37 GeV 1 of 39 GeV 1,of624GeV ], [200 GeV
C 30f ® 30} e 130} 1 30} 1 30f 1 30f 1 30}
Y °
2 5t ° { 20f o 1 20 ;55-207 %8-20~ o %200 o ®i20f L
o’ . * .- s ®0° o 093
10f 110} . {10 e 100 e M}-m— Qgém}-w— Aééd}ﬁ_m 55@8@‘
o@mzz-ﬂsq}m}- ogﬁm.ﬂ: ol o@leo & 0% (@Al s © Y (|ee8s 0 T V] (a8 T 0@5 ‘
100 200 300 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 100 200 300
wof 77GeV 1 4of 115 GeV 1 4o 1976 GeV 1 4of 27 GeV 1 4of 39 GeV 1 4of 624 GeV 1 4of 200 GeV
30f 1 30} 1 30f 1 30} 1 30f 1 30f 1 30
C *e
3 20f . 1 20f e® 20 4 20f 1 20f 1 20f 1 20f ]
L e .. e g 9] & A O ~ Q
10F o 110} O 1 10F o L] 1 10F o e ® 7 10f - O e ®]10f 5 © ;.f 10 a @ & o]
e e o o O o9 e
oﬁ@m}ﬂ:ﬁ[ﬂ:- oﬁmﬂ}ﬁﬁiﬁ- o c ¢ 50| ([@a88 0 O] lgea®® T T leee® ¢ " | ssee e o0
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77 Gev 17, 115 GeV 1 4of 196°GeV 1ol 27 GeV 1 40f 39 GeV 1 40l 624GeV 1 40f 200 GeV
100} + 1 30f 1 30f 1 30} 130} 1 30f + 30f ]
C4 20 200 + 1 20} 1 20f 1 20F ¢ o4 20f *9
50¢ ] + ¢ f e © ® o
10f ® 110f o O710f ® o 10f & O Ol10f h 1 10f o o 2 e
. é ® e® $ °? & D 22z e® 5@ <
e o] oo o sl olwe®t o o —oﬁ%ﬁ@‘ﬂ"‘}’ olme®Z S T T T olee®T T T | ole® J
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
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» In general, cumulants of Net-p, p and pbar are increasing with <N,
» The cumulants of net-proton distributions closely follow the proton

cumulants when the colliding energy is decreasing.
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@ Energy Dependence of Cumulants Ratios SR

B L ] ' 1 $| i
I J Au+Au Collisions I #]
I Net-proton I
[ {5 04<p,<2 (GeV/o).lyl<05] o8F T & ]
e 0-5% ¢ B
o [ O 5-10% ] 0.6 + L .
b ol & 30-40% 1 b ¢
o~ % 70-80% 1] O o
% HE # 0.4} % .
¥ % § 5 ¢ 0.2f : ]
ok + + i 03 STAR Preliminary *
E el ] o o o oo - - - -7 o —
6 10 20 100 200 6 10 20 100 200
Colliding Energy sy, (GeV)
1) The most pronounced structure is observed at 0-5% centrality for Ko?
2) Error bars are statistical only. Systematic errors estimation underway.
Dominant contributors: a) efficiency corrections b) PID;
Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 14 /26




Eff. Corrected and Eff. Uncorrected

4 LN LI II | | LI | B L || | I | L I
i Au+Au 0- 5% _ ' :
L © Net-proton ] 0.8F @ O -
3l 0.4<p < 2 (GeV/c),ly|<0.5 ] I + O |
® Eff. Corrected | 06L + 0o i
I O Eff. Uncorrected’ O
% 2t 1 o | o _
v | | o4 5 -
A °
] s SR ® - -
i Q o 6 _ 0.2_— g ]
! $ + I | STAR Preliminary _
O - 0 ) -
[ 0] ! Lo L | ! Lo -
6 10 20 100 200 6 10 20 100 200

Colliding Energy \s,, (GeV)

Efficiency corrections are important not only for the values in the higher moments
analysis, but also the statistical errors. CITOr o< O(G” /g“)
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Cumulants vs. Baselines SR

Cumulants vs. Poisson Cumulants vs. Binomial
o g ] I N
- STAR Preliminary - ’ 0.4<p,< 2(GeV/c) |y|<0.5 | - % STAR Preliminary
30¢ ] 30| 1 30F g
720/ ¥ o
O20F N (O ©Of  TEHEX T S20F N\ 10201 Oy ]
N e e T O e, 1IN T ey ] [ @ .................. ]
C [ 6 ] o ]
10 2] a B
e s e HE e e W ] .“
o o T el g2 ]
20 30 100 200 6 10 2030 100 200
[Suy (GeV) (S (GEV)
- T T T T T T
40f Au+Au 0-5% | 5 Au+Au 0-5% |
E STAR Poisson | i STAR  Binomial ]
30} pp -
i ............ [~ p O ............ —
O 5o T N\, o o© ¢ P =T : PO e
of ¥ |
- o] ] i i : ..' e :
ob. @ . ... 4 ok o M ET T 4 ol g EEEEE
6 10 20 30 100 200 6 10 20 30 100 200 6 10 20 30 100 200 6 10 20 30 100 200
Sy (GeV) Sy (GeV) Sy (GeV) {S (GeV)

» The higher the order of cumulants the larger deviations from Poisson
expectations for net-proton and proton.

» The binomial distribution (BD) better described the data than Poisson.

But large deviations seen in C; and C, in central Au+Au collisions 7.7,
11.5, 19.6, 27 and 62.4 GeV.
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Acceptance Study (l): p;

0-5% Au + Au Central Collisions at RHIC

T I I I L I I I 1 T T T I 1 I
1 e ]
* 2 ] *
(@) net-p x*o I 4 (b) net-p S*o
4 p, Range (GeV/c) | osl A B
® A 04<p.<08 : ' %
(STAR: PRL112) B A
3 O 04<pr<12 - O
Nb O 04<pr<1d 06| £ QA |
x - 0 0.4<p;<1.6 . a:b 'Y
® 04 2.0 i S
~ 21 o “Pre 4 D 04l . _
’ p; Range (GeV/c) @
| % | - A 04<p; <08
1 (STAR: PRL112)
T Y N’ " W N 02 O 04<p,<i12 —
A A A@ @ O O.4<p1<1.4 ﬁ
S % 1 L 0 04<pr<16 —
u | | ® 04<pr<20 _
O | |T | O | | | | | | | | |
5 10 20 50 100 200 10 20 50 100 200

Colliding Energy \/SNN (GeV)

» K a2: the energy dependence tends to be more pronounced
with wider p; acceptance, relative to published results.

» S 0: the values are smaller for wider p; acceptance.
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s
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Acceptance Study (ll): Rapidity

3

0-5% Au + Au Central Collisions at RHIC
T T T TT 1 1 T T 1} T T T T TT

T 1
‘ (a) net-p x"c” | | OnetpSo b
41 0.4<p, <2 (GeVic) | + ¢ ® 0 o
B A O lyl<01 ¢ Ilyl<04 A C o9l ® B
O lyl<0.3 A lyl<05 o He#ﬁ]
o 3 15 + b
-)<b ) 08F o 4 * —
v | |3 i
Q- o7} -
I @)
TR aa t ******* W E(/) o6l 1 .
@ﬁ] ' 0.4 < p, <2 (GeVic)
i | O lyl<01 ¢ lyl<0.4
ol + ] 0.5 O Ilyl<0.3 A lyl<05 ]
| | | II‘ | | | |1 | ||| | | |1 1 [I‘ | | | I || | |
5 10 20 50 100 200 ) 10 20 50 100 200

Colliding Energy Vs, (GeV)

» The smaller the rapidity window the closer to the Poisson values.

» The acceptance needs to be large enough to capture the dynamical
fluctuations. The related systematic errors should be carefully addressed.
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© Independent p, pbar Production Test i

Au + Au Collisions at RHIC

lyl <05, 0.4 < p; <2 (GeVic)
III I I IIIII] I I IIIIIII

(a) 0-5% centrality (b) 70-80% centrality |
4 - 3 —
® net-proton T ® net-proton
3 A anti-proton L A anti-proton ]
Nb O proton O proton
x . P. T . P.
) 1 |

}AF%A N R ¥

| | —+ ] STAR Prelliminary -
5 10 20 50 100 200 5 10 20 50 100 200

Colliding Energy Vs, (GeV)

1) |.P. means de-correlation between protons and anti-protons.
2) |.P. closely traces proton and net-proton moments.
3) Anti-proton K*a2 also show minimum around sy, = 27 GeV .
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Signature of CP : Theoretical Expectations

Misha Stephnov, CPOD 2014. X Luo, CPOD 2014
B Au+Au CoII|S|ons i
L Net-proton ]
T, GeV QGP 4 - 0.4<p <2 (GeVic),ly|<05 -
3 :_ e 0-5% _:
critical ~ - < 3040% -
- - -1_90\ point © 5 - o 70-80% ’
. ~ — -
F £ 5 ° .
0.1+ L : % ;s ¥
of + ~ STAR Preliminary |
hadron gas 6 10 20 30 100 200
nuclear ISy (GeV)
matter
. - : Rq v N 4.
0 1 LB, GeV

M.A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011).
, J. Phys. G: 38, 124147 (2011).

For Kurtosis, expecting a dip, then a significant increase with
respect to the Poisson baseline near QCD Critical Point.

A similar calculation: J. Deng et al, arXiv: 1410.5454.

Wiy

baseline

.....................

1119
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Discussion

1) To explore the QCD phase transition and CP of hot dense nuclear
matter. The STAR experiment has carried out analysis for fluctuations of
net-protons (proxy for net-B), net-kaons (proxy for net-S), and net-
charge (Q).

2) To search for the CP, It is important to study contributions associated with
heavy-ion collisions dynamics, such as finite size/time effects, volume
fluctuations, resonance decay, hadronic scattering, conservation law
effects, acceptance. Need proper modeling of the HIC.

3) To compare the experimental data with Lattice and/or HRG, one needs to
know whether the system reach thermal equilibrium, GCE or CE?

Reference:

Experimental Data: STAR, PRL112, 032302 (2014). PRL113, 092301 (2014). PRL105, 022302 (2010).
HRG model studies: P. Garg, et al, PLB 726, 691 (2013). J. Fu, PLB722, 144 (2013). F. Karsch and K.
Redlich , PLB695, 136 (2011) . Marlene Nahrgang et al, arXiv: 1402.1238. P. Alba et al., arXiv:1403.4903
Transport model studies: X. Luo et al., JPG 40, 105104 (2013). N.R. Sahoo, et al., PRC 87, 044906 (2013).
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Transport Model Calculations: UrQMD and AMPT “:g:@

Rapidity Acceptance Study

— T T T T T T T | —
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3 e STAR data = i I I Pt |

u o AMPT -

§ & UrQMD 1 % 05 4 | + UrQMD
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» The non-monotonic structure in the data cannot be reproduced
by UrQMD and AMPT models.

» In UrQMD calculation, wider rapidity acceptance, larger suppression.
Consistent with baryon number conservation effects.

Xiaofeng Luo RBRC Workshop, BNL, USA, Feb. 26 - 27, 2015 22126



@) Moments of Net-charge Distribution at RHIC 7

2_é)' 'N'e't-lcharge' o STAR r It .

e | el PRL113 092301 (2014).

* > Within the current statistics,
e ‘ smooth energy dependence is
observed for net-charge
distributions.

» NBD has better description
than Poisson for net-charges.

0-5%
70-80%
0-5% NBD
70-80% NBD
----- 0-5% Poisson

» Net-kaon analysis is ongoing.

¥ -5

-10F + (

_15:_ ol 1 . L 70-80% Pois.lson
56 10 20 30 100 200
Vsyn(GeV) o (net-charge)>> o (net-proton)

error o< 0(6” /8“)
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> Fine energy scan at \s,,, <~ 20 GeV

» Electron cooling will provide increased luminosity ~ 3-10 times

» STAR ITPC upgrade extends mid-rapidity coverage — beneficial to many crucial
measurements.

» Forward Event Plane Detector (EPD): Centrality and Event Plane Determination.

. e-cooling
1x10°

RHIC with cooling and long

bunches (V, = +/- 1m) S~
1x10%7 ; =t

Minimum
Projection

1x1026}

luminosity 1/(em”2 sec)

1x102°

1x10%4
center of mass energy [GeV]

For moment analysis, iTPC upgrade will improve tracking efficiency
and centrality resolution, EPD will provide centrality determination.
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Summary and Outlook SR

» We present centrality and energy dependence of cumulants and their ratios
for proton, antiproton and net-proton for the extended transverse momentum
coverage [|y|<0.5, 0.4<p;<2.0 (GeV/c)] for Au+Au collisions at v sy =
7.7,11.5, 19.6, 27, 39, 62.4 and 200 GeV.

» A unified description of efficiency correction and error estimation is applied to
the moments of net-proton distributions.

» Significant impact of the kinematic cuts on higher moments of net-proton
distributions observed. Evaluation of the systematic error is on going.

» Higher statistics are needed at low energies to explore the QCD phase
structure: STAR upgrade and RHIC BES-II (from 2018). Fixed target
experiment, CBM@FAIR.

| » Higher Luminosity
Future CP Search in Exp. : > Higher Baryon Density
» Large Acceptance
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Thank you for your attention !!!
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Fixed Target Detector, CBM@FAIR

AGS SIS
I ! I ! I ! [
RHIC ‘
T FAIRNICA quark-gluon plasma

(Tp= 175 MeV) : Transition
¢ Radiation ¥ Y -
Ring Imaging Detectors i 20 Electro-
> | magnetic
Cherenkov o - [ .
B 4 L) Calorimeter
Detector - B

Silicon
Tracking
Stations™

o
(3]

t(J
=
o
=)
T
)
Qo
=
()
et

Detector

2 4 6 8
Baryon Chemical Potential ug/T

Exploring Phase Structure at

High Baryon Density
(1) QCD Critical Point Center of Mass Energy Vsyy <8 GeV
(2) Quarkyonic Phase/Phase Boundary per nucleon pair.

It allows us to explore the QCD phase structure at higher baryon density
region with high precision !
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K 02

Big Dipper Plot sig@

5 il Au;LAlu ICcl)IIilsicl)nls i Taylor expansion in Lattice :
E Net-proton E
40 0.4<p,<2 (GeVic),ly|<0.5 1 THERMO-meter :
B ¥ 0-5% _ 4
- o 30-40% |
3 C © 70-80% - KG ~ —(T O)
o - %B
- 1  BARYO-meter :
L S +,ﬂj """"""""" O g
B o o & ]
: ! + | So~X57 4y~ tanh
O [ STAR Preliminary + - 0~ (T, 1) ~ tan ( -)
Co T 1 B
0 0.2 0.4 0.6 0.8 1

So

» A structure is observed for 0-5% most central data while it is flat for mid-

central and peripheral collisions.

» Can be directly compared with theoretical calculations.
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Overview

1. Introduction

- Collectivity in the era of beam energy scans

2. Dissipative hydrodynamics AM, Phys. Rev. C 86, 014908 (2012)

- Finite-density transport phenomena

- Numerical analyses: Effects on baryon stopping

3. Towards full analyses of BES | B. Schenke and AM, in preparation

- (3+1)-D event-by-event analyses To collaborate with G. Denicol, C.
Shen, S. Jeon and C. Gale (McGill)

4. Summary and outlook

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Introduction



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Introduction

m Beam energy scans: exploration of QCD phase diagram in
heavy-ion collisions

Big goals: QGP phase

- Explicate the QGP
properties at finite g

- Search for a QCD
critical point

Color super
conductor?

m Hydrodynamic approaches Mg

The QGP at high energy is quantified as a relativistic fluid (2000)

|:> We consider dissipative hydrodynamics at finite densities

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Introduction



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Introduction

m |s hydrodynamics applicable?

(a1) 10 - 20% (b1) 20 - 30%
= Fit to 200 GeV dzta

. k.

02.76 TeV v 27 GeV

©200 GeV ¢ 19.6 GeV
u62.4 GeV A 11.5 GeV
039 GeV v A7.7 GeV

[l

1 2 3

P, (GeV/c)

—— EL/A=11.8 GeV, E8TT

—m— E/A=40 GeV, NA49
—@— E/A=158 GeV, NA49
—fe— \En=130 GeV, STAR

’ Differential V2 is Iarge —— \5,=200 GeV, STAR Prelim.

25 30 35
» Integrated v, stays positive (1/S) dN, /dy

above Vs, ~ 3 GeV but is small

fl> We will see, with off-equilibrium corrections, finite-density
effects, state-of-art initial conditions and EoS

BES 2015, 27t February 2015, BNL, New York, USA

Next slide:  Introduction



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Introduction

m Schematic pictures of collision geometries

At high-energies At low-energies
4X

4X

|
Net baryon at forward rapidity Net baryon at mid-rapidity

Finite-density hydro is relevant in

- Particle identification analyses (p/p ratio, etc.)
- Quantification of transport properties
- Bulk evolution for low energy collisions?

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Dissipative hydrodynamics
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Relativistic hydrodynamics

m Local thermalization; macroscopic variables are defined as fields

Flow u"(x) iy, = 1l

Temperature T'(x)

Chemical potentials 1.7 ()

$ Gradient in the fields: thermodynamic force

Response to the gradients: transport coefficients (= 0 if ideal hydro)

m Energy-momentum tensor & conserved current are

TH = (eg 4 de)uru” — (Py + I AMY 4 2W V) 4 i
N% = (njo+ onj)ut + V;

when decomposed with u*; A" = g"*¥ — uHu”

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Thermodynamic quantities



Akihiko Monnai (RBRC)

Baryon diffusion in heavy-ion collisions

Thermodynamic quantities

m Inlocal rest frame u* = (1,0,0,0)

T,ul/ — T(/).LV + (SVT'MV

€0 0 de W<z

0 P 0 4 W 11 + T
0 0 WY YT

0 0 W = TR
NH — NL'I;O + (5]\”]1 (_] = 1,2’-__’/\/)

; Ong 10+4N dissipative currents

T Y Energy density deviation: de
0 vy
0 Vi Bulk pressure: 11
2+N equilibrium quantities Energy current: W H
.V
Energy density: €0 Shear stress tensor: 77
Hydrostatic pressure: Fy J-th charge density dev.: on j

J-th charge density: 0.J0 J-th charge current: VJH

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Viscosity and Diffusion



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Viscosity and diffusion

m Meaning of “dissipation” in fluids

H h

Shear viscosity Bulk viscosity Energy dissipation Charge diffusion
= response to = response to = response to = response to
deformation expansion thermal gradient chemical gradients

viscosity dissipation/diffusion

» Cross terms among thermodynamic forces are present (discussed later)

» 2"d order corrections are required for hydrodynamic stability and causality

W. Israel, J. M. Stewart, Annals Phys 118, 341 (1979)
W.A. Hiscock, L. Lindblom, Phys. Rev. D 31, 725 (1985)

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Dissipative hydrodynamics 9/25



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Dissipative hydrodynamics
m Relativistic hydrodynamic equations D = u"d,
Conservation laws 9,7"" =0 9,Np =0 4 VHE =0" —u'D,

The law of increasing entropy -> Constitutive equations

KB a KB 1

+ ch'[VV,uDUM + X%VVMVM + XH’]TT(-;U/V(MUV)

1
II=—-CV,ut - CnaeDT

1
+ XIQIVVHVM T

+ x11v V. V# MTK

T T T T

1
+ XVJ V'uvuu + XVVVKVVU' + XV‘/VVV Uy + Xvﬂ.ﬂ'l“/v T + XVﬂ.’/Tl“/vVT

2+ xYnlIV* T+XVHHDU + Xy VI

1 1 1
TRYL): S <—Du“ . V“?) 7y AP DV, 4 X VEDEE L \b vED S

+ XV, Du, + XVWAWV Tup + XylIVH T

1
T = 277V<”u’/> — 7o D) oy IV B?) 4 X?WW’“/DM?B + Xzﬁw’“’l)f + XaamV pu”

+ L w4y Vi) /;f"’ s V(uvw =+ o VEDuY) x4, vinyv)
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Numerical analyses

B Baryon stopping Plot: BRAHMS, PRL 93, 102301 (2004)

s Acs Baryon stopping can quantify kinetic

(E802,E877, E917)
m SPS
NA%) energy available for QGP production

® RHIC

(BRAHMS)

mean rapidity loss <6y>
= rapidity of projectile nuclei y,
— mean rapidity of net baryon <y>

dN/dy net-protons

PHOBOS, PRC 69, 034909 (2004

Estimate dissipative hydro evolution * AutAu 624 GeV }
. g . . . o Au+Au GeV (PHENIX) ~

of net baryon rapidity distribution 200 GV EHE

with viscosities and baryon diffusion

(=]

Net proton dN/dy
F -

(1+1)-D expansion is considered because
dependence on transverse geometry is small

Dissipative hydrodynamics 11/25
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Simulation Setup

m Equation of state: with Taylor expansion

P(T.pp) _ P(T.0) | xp(T.0) (w5, ,(u5)"
T4 T4 2 T

T
P(T,0) :Equation of state at vanishing b s. Borsanyi et al., JHEP 1011, 077

2 .
X(B)(Ta 0) : 2" order baryon fluctuation S. Borsanyi et al., JHEP 1201, 138

m Transport coefficients:

Shear viscosity: n=s/4m P. Kovtun et al., PRL 94, 111601

Bulk viscosity: ( = 5(% _ C?)Tl A. Hosoya et al., AP 154, 229
cy 1 M. Natsuume and T. Okamura,

.. ) 5]
Baryon dissipation: ky = 27r(5%>T PRD 77, 066014

Initial conditions: Color glass theory

. H. J. Drescher and Y. Nara,
Energy density: MC-KLN PRC 75, 034905; 76, 041903
Y. Mehtar-Tani and G. Wolschin,

Net baryon density: Valence quark dist.
PRL 102, 182301; PRC 80, 054905

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Results



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Results
m Net baryon rapidity distribution at RHIC and LHC

RHIC 200 GeV ::::I“hydro i LHC 2.76 TeV — initial
e viscous hydro B

— — dissipative hydro

o BRAHMS i — — dissipative hydro

PRL 93, 102301 (2004) .

ideal hydro

S viscous hydro

|IIIIIIIIIIIIIIIII

* Net baryon is carried to forward rapidity by convection
* Viscosities slow the longitudinal expansion

* Net baryon diffuses into mid-rapidity

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Results



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Results
m Net baryon rapidity distribution at SPS and RHIC

— initial i — initial
ideal hydro L RH |C 62.4 GeV ideal hydro
viscous hydro i viscous hydro
— — dissipative hydro — — dissipative hydro
o NA49 i o BRAHMS
PRL 82, 2471 (1999) - PLB 677, 267(2009)

~ SPS 17 GeV

 Results can be comparable to data (not fine-tuned yet)

* Dissipative effect could be larger for lower energies
Note: CGC-based initial conditions (not best suitable at low energies)

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Results



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Results
m Mean rapidity loss at RHIC

Mean rapidity loss (0y) = yp — (y) 4 BRHAMS, PLB 677, 267 (2009) + Hydro results

/y” dNB By //yp dNB By
y
0 0

Initial loss (200GeV): (dy) = 2.67
0y

|deal hydro: = 2.09 | iniial

dissipative hydro
RHIC (BRAHMS)

AGS (E917)

(0y)
Viscous hydro: (0y) = 2.16 . SPS (NA49)
< > .|l||||||||||||||[||

Dissipative hydro: oy) = 2.26

* The collision becomes effectively more transparent by
hydrodynamic evolution

|:> More kinetic energy is available for QGP production

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Cross-coupling effect (1) 15/ 25



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Cross-coupling effects (1)

m Linear response theory and cross terms

Bulk pressure (w/o charges)

1 1 .
= —(un=V u* — CseD — i + it c2> Vv, uf

T T T T °

Response to Response to '
expansion cooling bulk viscosity ¢

Response to expansion itself can be as large as shear viscosity
Cancelled by the cross term except for crossover where c .2~ 0

A reason for general smallness of bulk viscosity

Baryon dissipation current

1 1
VH = mVV“’u—B_,WW (vﬂ__|__ Du“)

T T T

Baryon dissipation can be induced by thermal gradient + acceleration

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Results



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Results

m Thermo-diffusion effect (a.k.a. Soret effect)

initial - Baryon dissipation can be induced by

dissipative (cv=1, C w3

— . dissipative (c,=1, ¢, ,=0) thermal gradients (and acceleration)

T
at the linear order

dissipative (c =1, c__=-5)
V'u = lﬂvv’u——hyu (Vﬁ

- Cross coefficients can be negative if the
coefficient matrix is positive definite

* The effect of cross coupling is likely to be small in
high-energy collisions

because of the matter-antimatter symmetry
V#(up) = —VH#(—up) which leads to kvw (1B

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Cross-coupling effect (2) 17/ 25



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Cross-coupling effects (2)

m Mixing of the currents at the 2" order

System dependence

Hydrodynamic theory considers: In high-energy nuclear collisions:
o > 11 > VH

urg
T )

{1177

Bulk-shear coupling term in bulk pressure
Baryon-shear and baryon-bulk coupling terms in baryon dissipation

have more impact than other 2" order terms (numerically confirmed)

Applicability of the expansion is dependent on the 2"9 order transport
coefficients

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Brief sumamry



Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Summary so far

m Dissipative hydrodynamic model is developed and simulated in
(1+1)D at finite baryon density

» Net baryon distribution is widened in hydrodynamic evolution
I:> Transparency of the collision is effectively enhanced

I:> More kinetic energy may be available at QGP (and jet)
production in early stages

P The results can be sensitive to baryon diffusion coefficient

I:> Ambiguities remain in initial condition, but the
distribution has important information

» Hydrodynamic results for baryon stopping are comparable to
the experimental data at lower energies

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Towards full analyses of BES 19/ 25
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Initial conditions

m 3D Monte-Carlo Glauber model

» Net baryon distribution
Valence quark PDF for the rapidity distribution before collisions

|:> A collision modifies the distribution via the kernel .Sa'che?,g a::gj- eI,

_, cosh(y —yp)
QY —yp,yp — YT, Y yp)—ASinh(yP_yT)Hl A)d(y —yp)

|:> Keep sampling for all the parton-parton collisions

B. Schenke
Entropy distribution BRAHVS AutAu 200 GeV

Entropy is deposited between the last
collision pairs

A simple and straight-forward extension
of 2D MC Glauber model

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Equation of state



Baryon diffusion in heavy-ion collisions

Akihiko Monnai (RBRC)

Equation of state

m Lattice QCD (Taylor expansion) + Hadron resonance gas

crossover

T —T.(up)| Pars(T)
AT. T4

T —T.(uB) | Pat(Ts)
[1 + tanh AT, ] Ts4

[1 — tanh

1
2
1
2

_|_

where
T, = 0.166 — ¢(0.139u% + 0.053 %)

Ts =T + c[Tc(0) — Te(pB)]

" 0%

muB(GeV)

EoS of kinetic theory must match EoS for hydrodynamics at freeze-out
(or energy-momentum/net baryon does not conserve)

N Yi / Hydrodynamics

Particle spectrum . — K :
pectru E; Fp = @2n) Epz do, f;

Next slide:  Hydrodynamic evolution 22 /25
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Hydrodynamic evolution

m 3+1 D event-by-event analyses (work in progress)

By B. Schenke
10 L R R E—

Energy density
5

Net baryon
density

&

I IR N I I
6 -4-2 0 2 4

tau = 0.6 fm eta

BES 2015, 27t February 2015, BNL, New York, USA Next slide:  Summary and outlook
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Akihiko Monnai (RBRC) Baryon diffusion in heavy-ion collisions

Summary and outlook

m (3+1)-D event-by-event hydrodynamic model at finite baryon
density in preparation
» Initial condition: 3D Monte-Carlo Glauber model

» Equation of state: Lattice QCD with Taylor expansion method
+ Hadron resonance gas

D Viscosity: shear viscosity + bulk viscosity
» Baryon diffusion: see next talk by Chun

m Thank you for listening!

Next slide: 25/ 25
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Fluid dynamics and fluctuations in the QCD
phase diagram

Marlene Nahrgang

Duke University
RBRC Workshop, Theory and Modeling for the Beam Energy Scan

In collaboration with Christoph Herold (Suranaree University of Technology)

Duke DAAD

UNIVERSITY



The goal...

... is to understand the phase structure and the phase diagram of QCD
theoretically and experimentally.

Make the connection between QCD thermodynamics (LQCD) and heavy-ion collisions.

https://news.uic.edu/collider-reveals-sharp-change-from-quark-soup-to-atoms



From the theory side...

e Lattice QCD calculations:

170 jHHHH quark-gluon plasma

HH{HHBMB{M

0 200 400 600 800 1000
iy (MeV)

() Teagy .
hn

o RH, /3130 Gov
= 5P5, Va7 Gev
£ SPS. Ve GV
© AGS, VEW~5 Gev.

Temperature (MeV)

200 400
Baryonic chemical potentiol (MeV)

Wuppertal-Budapest (2002) F. Karsch et al. (2004)
Wuppertal-Budapest (2011)

+ newer approaches to circumvent the sign problem!

e Functional methods of QCD:

200 ]
~_ m_=138 MeV
il s
% X crossover
. e -
---- Chiral crossover - @ crossover
501 |— Chiral Ist order i 50 | -—— ®crossover
® CEP X 1st order
— Deconfinement 0 « CEP
0 50100 150 200 250 0 50 100 150 200 250 300 350
H [Mev] 1 [MeV]

C. Fischer, J. Luecker, PLB718 (2013) T. Herbst, J. Pawlowski, BJ. Schaefer PRD88 (2013)



From the experimental side...

e One of the main goals of heavy-ion collisions is to understand the phase
structure of hot and dense strongly interacting matter.

- 0
7
TN
ALICE PH-<ENIX

e Can we experimentally produce a deconfined phase with colored degrees of
freedom?

e What are the properties of this phase?

e What is the nature of the phase transition between deconfined and hadronic
phase?

FAIR




Dynamics of heavy-ion collisions

Systems created in heavy-ion collisions

are short-lived,
spatially small,
inhomogeneous,

and highly dynamical

plot by H. Petersen, madai.us

Indications that we might still be able to learn about thermodynamic properties:

success of fluid dynamics (= local thermalization) with input from LQCD (EoS)
success of statistical model and HRG analysis of particle yields and fluctuations



Dynamics of heavy-ion collisions

Systems created in heavy-ion collisions

are short-lived,
spatially small,
inhomogeneous,

and highly dynamical
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Indications that we might still be able to learn about thermodynamic properties:

success of fluid dynamics (= local thermalization) with input from LQCD (EoS)
success of statistical model and HRG analysis of particle yields and fluctuations



Phase transitions in fluid dynamics

e Conceptually, studying phase transitions in fluid dynamics is really simple!
e = Just need to know the equation of state and transport coefficients!

200 4 1 fluid, no PT
220 phase boundary a O 1 fluid, with PT
@ A ® 3f (nounify), with PT
200 a @ 3f (unify), with PT
3!50 a o a
180 Z N
= N
%\ 160 ™ 4 ‘ o
Chemical z — -
2 10 Freezeout 5, 'p 2
- < A
120 \ T P(N\i, b=t
X | o gen |l
100 | ==~ s/na=29.4 (QCP) o / !
— 5/ng=25.6 (CO) PN ¢
== s/ng=22.2 (FO
80 S/“B ( ) 0: s 10° 2 s 10" 2 s 10
0 200 400 600 800 1000 Ep [AGeV]

s (MeV)
J. Brachmann et al. PRC61 (2000)

C. Nonaka, M. Asakawa PRC71 (2005)



Phase transitions in fluid dynamics

e Conceptually, studying phase transitions in fluid dynamics is really simple!
e = Just need to know the equation of state and transport coefficients!

0.2 Hybrid Model
[ ]

& 0.5+

Data:

020 @ STAR
o A NA4g
® Esvs

s
08T 05 06 07 03

3 1[1(-;‘ w1 4 8 12 16
He Center of Mass Energy Vs, [GeV]

M. Bluhm, B. Kampfer CPOD 2006 J. Steinheimer et al. PRC89 (2014)

e No clear sensitivity on the equation of state in observables.

e BUT at the phase transition: fluctuations matter! Including fluctuations in fluid
dynamics is more challenging...



Fluctuations at the phase transition

At a critical point

correlation length of fluctuations of the order parameter diverges £ — oo

fluctuations of the order parameter diverge: (Ac") o £ with higher powers of
divergence for higher moments

mean-field studies in Ginzburg-Landau theories, beyond mean-field:
renormalization group

relaxation time diverges =- critical slowing down!
= fluctuations in equilibrated systems!

.. and a first-order PT:

at T coexistence of two stable thermodynamic phases
metastable states above and below T = supercooling and -heating
nucleation and spinodal decomposition in nonequilibrium

e domain formation and large inhomogeneities

=> fluctuations in nonequilibrium!

.. but also at the crossover:

remnant of the O(4) universality class in the chiral limit.
= fluctuations in equilibrated systems!

Ref. by many people: M. Stephanov, E. Shuryak, K. Rajagopal, L. Csernai, J. Randrup, |. Mishustin, C. Sasaki, B. Friman, K. Redlich et al



Nonequilibrium chiral fluid dynamics (NxFD)

IDEA: combine the dynamical propagation of fluctuations at the phase transition with
fluid dynamical expansion!

(model-independent is nice, but in the end some real input is needed...)
e Langevin equation for the sigma field: damping and noise from the interaction
with the quarks
sU
Opoto + — + gps + oo = §
do
e Phenomenological dynamics for the Polyakov-loop

oV,
Vet =¢&

9:T? =
00t + ey,

e Fluid dynamical expansion of the quark fluid = heat bath, including
energy-momentum exchange
OuT4Y =8 = =0, Ty, OuNj =0

= includes a stochastic source term!

MN, S. Leupold, I. Mishustin, C. Herold, M. Bleicher, PRC 84 (2011); PLB 711 (2012); JPG 40 (2013)
C. Herold, MN, I. Mishustin, M. Bleicher PRC 87 (2013); NPA925 (2014), C. Herold, MN, Y. Yan, C. Kobdaj JPG 41 (2014)



Dynamical slowing down

Phenomenological equation: In NxFD:

d? chf

)—1

d 1
gt (0 = =TImo (O)(mo (1) = =) €=1/m = (3

1.6
14F
12

1
0.8
0.6
0.4
0.2

critical point =—— |
first order ---- |

& (fm)

-0.2 -0.15 -0.1 -0.05 0.05 0.1

B. Berdnikov and K. Rajagopal, PRD 61 (2000)) C. Herold, MN, I. Mishustin, M. Bleicher PRC 87 (2013)

Definition of £ in inhomogeneous sys-

Input from the dynamical universality
tems: involves averaging!

class.

= Similar magnitude of £/&y ~ 1.5 — 2!



Dynamics versus equilibration

e Fluctuations of the order parameter:

12 3.5

10k first order transition -+~ | 3 bims first order transition - i
— re critical point —— Y critical point —=—
Lo8F 1 Lo \ 1
= =
g 6 . 1 3 ol \

= 4f D00 g =

£ o
i <, == PR N

2 ‘/"\-\\" o Y i 4 0.5 %y%\.vqﬁﬂ

00 M-L-mé.-m-_‘gi_, R 0 ; - »:rv -

|k (GeV) k| (GeV)

e Strong enhancement of the intensities for a first-order phase transition during the
evolution.

e Strong enhancement of the intensities for a critical point scenario after
equilibration.

C. Herold, MN, I. Mishustin, M. Bleicher PRC 87 (2013)



Trajectories and isentropes at finite up

Isentropes in the PQM model Fluid dynamical trajectories
200 — 200 ——
150t —10f A S 1
= 100 < 100f ’ >N 1
& - =
0F ~ 50}t =
055100 150 200 250 300 330 055100 150 200 250 300
1 (MeV) (i) (MeV)

o Fluid dynamical trajectories similar to the isentropes in the crossover region.
e No significant features in the trajectories left of the critical point.

o Right of the critical point: trajectories differ from isentropes and the system
spends significant time in the spinodal region! = possibility of spinodal
decomposition!

350



Bubble formation in net-baryon density

first-order phase transition critical point

10 4
3.5
3
25
2
1.5
1
0.5
0

5

0

n/<n>

y (fm)
t =6 fm/c

(&

n/<n>
12 fm/c

(&)

t

[SIE-IENENE VNl SR AR AREN
(&

10 5 0 5 10
X (fm)

C. Herold, MN, I. Mishustin, M. Bleicher, arxiv:1304.5372

n/<n>

n/<n>



Bubble formation in net-baryon density

0.06 —z

first-order A

0.05 critical point @
Fourier-decomposition of ng(x, y) 0.04
— quantifies strong enhancement of first-order < o

PT versus critical point/crossover.
0.02

not (yet) in momentum space! 0.01

n
Can we expect experimental evidences for the first-order phase transition from bubble
formation?

e Do the irregularities survive when a realistic hadronic phase is assumed?

e A strong pressure could transform the coordinate-space irregularities into
momentum-space Fourier-coefficients of baryon-correlations = enhanced higher
flow harmonics at a first-order phase transition? Very eos dependent!



Comparison

o Nonequilibrium construction of the EoS from QGP and hadronic matter:

N

T T T 7

T T T
e—e stdEoS
& -0 MaxwEoS ]

o
T
=z
I
~

—=~ nudleons .
2000F  ___ quarks T=0 )

— )
o——e Maxwell

N,

Maximum enhancement of <p/*>/<p>
5
7

1500

o
T

1000

MeV/fm’

©
T
b4
]
o

e E 3
500 std EoS

-0 Maxw EoS

N
T

10 2

8
Compression p/p
J. Steinheimer, J. Randrup, PRL 109 (2012), PRC 87 (2013)

2 3 3 5
Beam energy £ (A GeV)

o Significant amplification of initial density irregularities

With phase transition: Without phase transition: Density enhancement:
[ shezs0m
N
B
mm ¢
| e
a
KAl ]

plot by V. Koch

e BUT: deterministic evolution of the system =- No inhomogeneities for smooth
initial conditions!



EoS: PQM versus QH

p (MeV/im®)

1 (MeV)

Below ¢, p =~ 0 in PQM, while it still
decreases in HQ model and p < 0 can
arise in PQM!

Several eos lead to similar pressures
at ug =~ 0, but differ at large up.

With coexistence between dense
quark matter and compressed nuclear
matter (HQ-EoS) : 9pc/0T < 0

From effective models, like PNJL,
PQM etc.: 9pc /0T > 0

p (MeV/im®)

15 L L L
0 0.2 0.4 0.6 0.8 1
n (1/im)
400 ' ' i "W Hadron-Quark EoS 4
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.. —-0--PQM + &
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B R
K L]
= 200 S S ]
[ £ £ \
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0 S \
@ 100} o/ : 1
o % PQM x 50 .
2 o N
o e
0 - o L L
0 30 60 90 120 150 180

Temperature [MeV]

J. Steinheimer, J. Randrup, V. Koch PRC89 (2014)



SU(3) chiral quark-hadron model

T [MeV]

2004

150+

100+

e Hadronic SU(3) non-linear sigma model including quark degrees of freedom

L= i(iv" 0 — 7 Giww — M)¥i +1/2(8,0) — U(o, ¢, w) — U(0)

and effective masses generated by

Mg = ggo0 + gqc¢ + Mog + 9ge(1 — £)
Mg = 9,0 + g + Mog + ggat?

V. Dexheimer, S. Schramm, PRC81 (2010); M. Hempel, V. Dexheimer, S. Schramm, |. losilevskiy PRC88 (2013)

e hadrons are included as quasi-particle degrees of freedom
e yields a realistic structure of the phase diagram and phenomenologically

acceptable results for saturated nuclear matter:

——Lines of constant SIA

SIS 300

c—>0
SIS 100

50 100 150 200 250 300 350
b, Mev]

—— Lines of constant SIA

0.1000
0.2000
0.3000
0.4000

0.5000

J. Steinheimer, V. Dexheimer, H. Petersen, M. Bleicher, S. Schramm, H. Stoecker, PRC81 (2010)



PQM vs. QH model - stability of droplets

PQM EoS

tim=0.88 tim=6.48

tim=12.32

tim=0.88 tim=6.48 tm=11.28 tim=14,32

ni<n>

0 15 20 o s 0 15 20
()

o 5 0 15 0
x(m) x(m) x(m)

e Dynamical and stochastic droplet formation at the phase transition and
subsequent decay in the hadronic phase.



PQM vs. QH model - moments of netbaryon density

Define normalized moments of the net-baryon density distribution as:

n(x
(nNy = / Bxn(x)NPa(x) with Pa(x) = %
10% 107

N=2 —— N=2 ——

N=3 —— 108 FN=3 —— 3
Ned —— 5 [N-t —

N=5 —— 10° FN=5 —— E
N=6 N=6

0 5 10 15 20
t (fm)

PQM EoS

e Infinite increase in the PQM.

e Increase in the HQ model around the phase transition followed by a rapid
decrease due to pressure in the hadronic phase!

o REMEMBER: We started with smooth initial conditions and all inhomogeneities
are formed dynamically!



And the critical point?

e At ug # 0 o mixes with the net-baryon density n (and e and m)
e In a Ginzburg-Landau formalism:

V(o,n) = /dax(Z(amo’" +bpn™) + > Cmyo™n') = ho — jn
m m,l

e V(o,n) has a flat direction in (ac, bn) direction
e Equations of motion (including symmetries in V(ao, n)):
o = —TsV/é0 + ...
orn=~V2sV/sn+ ..
o two time scales (with D — 0 at the critical point)
wy ox —ila
wp o —iyDG?

e The diffusive mode becomes the critical mode in the long-time dynamics. These
fluctuations need to be included at the critical point!

H. Fuji, M. Ohtani PRD70 (2004); M. Stephanov, D. Son PRD70 (2004)



Fluid dynamical fluctuations

e Already in equilibrium there are thermal fluctuations
e The fast processes, which lead to local equilibration also lead to noise!

Stochastic viscous fluid dynamics:

THY = T/ 4 ATHY 4 =R with (247) =0

€q visc
NE = NI+ ANE + 14 with (IM) =0

€q visc
The two formulations differ when one calculates correlation functions!
In linear response theory the retarded correlator
o (THY(x)TH¥(x")) gives the viscosities and
o (NH(x)NHF(x')) the charge conductivities
via the dissipation-fluctuation theorem (Kubo-formula)!

When dissipation is included also fluctuations need to be included!

P. Kovtun, J.Phys. A45 (2012); C. Chafin and T. Schafer, PRA87 (2013); P. Romatschke and R. E. Young, PRA87 (2013);
K. Murase, T. Hirano, arXiv:1304.3243; C. Young et al. arxiv:1407.1077



Fluid dynamical fluctuations

e In second-order fluid dynamics the relaxation equations become (e.g. for w+"):
Y

uv
— T
uwa'yﬂ_uu - _ NS + I#V +£,uu
Tr

o With the white noise approximation:  (¢4¥¢2P%) = 2TnArvaBs@)(x — x')
e In a numerical treatment — discretization: (£2) ﬁ

e = large fluctuations from cell to cell - can a fluid dynamical code handle this?

a

g Theory
% DSMC
2 Il_iT A MacCormack
o PPM
If o RK3

Example: R I
non-relativistic Navier-Stokes equations %
with fluctuations, one-dimensional, dilute %1 I
gas, periodic boundary conditions 5
J. Bell, A. Garcia, S. Williams, PRE76 (2007)




Summary

‘

e Fluctuation data from heavy-ion collisions at finite ug can only be
understood with dynamical models of the phase transition!

e In NxFD, effects like critical slowing down and droplet formation
can be observed.

e PQM-like EoS do not include pressure in hadronic phase,
droplets remain stable.

e In HQ-like EoS: droplets form dynamically at the phase
transition, then decay.

o Next steps: particle production in NxFD and (net-baryon) fluid
dynamical fluctuations.

£ack BIAGRAM




Challenges for the BES |l

Need good dynamical models.

Need good input.

Need good observables.

Need good data.



Challenges for the BES |l

¢ Need good dynamical models.

Initial state, coupling to FD, propagation of fluctuations, coupling to hadrons, ...

e Need good input.

Equation of state, phase transition dynamics, transport coefficients, ...
e Need good observables.

Large scale simulations, sensitivity analysis, statistical tools, ...

e Need good data.
Efficiency corrected, smaller error bars, 14.5 GeV, different particle species, ...



backup



Chiral model with dilatons

e Compare to a dilaton effective quark-meson model c. sasaki, I. Mishustin PRC8S (2012)

Susceptibilities along the spinodals:
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e |Improvement over the PQM EoS!
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Toward quantitative and rigorous conclusions

from heavy ion collisions

Scott Pratt, Michigan State University
MADAI Collaboration
Models and Data Analysis Initiative
http://madai.us
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http://madai.us

How this was done before (v2 and n/s)
Study single parameter vs. single observable

235

= 1deal
= == 1)/5=0.03

= 1)/s=0.08
= = N/s=0.16




PROBLEM

v2 depends on ....

® viscosity

* saturation model

e pre-thermal flow

e Eq. of State

* T-dependence of n/s
o initial Tx/T;



Correct Way (MCMCQC)

¢ Simultaneously vary N model parameters x;
¢ Perform random walk weight by likelihood

(model) (X) (exp) )2

L(x|ly) ~expq — (e —

2
. 207

¢ Use all observables yq
¢ Obtain representative sample of posterior



Difficult Because...

l. Too Many Model Runs
Requires running model ~10° times

ll. Many Observables
Could be hundreds of plots,
each with dozens of points
Complicated Error Matrices



Model Emulators

|. Run the model ~1000 times =Y N \

Semi-random points (LHS sampling) /\- 0 -
- h \ 1
2. Determine Principal Components ) — . .
(Ya=<ya))/Oq => Zq z K z

02 - @ -

3. Emulate z, (Interpolate) for MCMC g Uom '

Gaussian Process g .y
o o 0o \/ :
ogﬁf /\’\ [\ 3 Q |2
1 g
L(x]y) ~ exp {2 > (zhemaren) (x) — Zéexp))Q} 33;‘& il x‘; /. ) T~

S. Habib,K.Heitman,D.Higdon,C.Nakhleh&B.Williams, PRD(2007)



0> 04 06 08 10 Emulator Algorithms

Y(X) |

¢ Gaussian Process
- Reproduces training points
- Assumes localized Gaussian
covariance

- Must be trained,
\ i.e. find “hyper parameters”

| / e ¢ Other methods also work

=

\

training points

X (arb)



|4 Parameters 30 Observables

¢ 5 for Initial Conditions at RHIC ¢ 1,Kp Spectra
¢ 5 for Initial Conditions at LHC {pr), Yields

¢ 2 for Viscosity ¢ Interferometric Source Sizes
¢ 2 for Eq. of State ¢ v, Weighted by p:



Initial State Parameters

5 parameters for RHIC, 5 for LHC



Equation of State and Viscosity

2 parameters for EoS, 2 for n/s



DATA Distillation

|. Experiments reduce PBs
to 100s of plots

C‘?g 2. Choose which data to analyze
rﬁ“w'r@-rr. ) Does physics factorize!?

«. 1
)

3. Reduce plots to a few
representative numbers, y,

4. Transform to principal
components



dN/dp:

1.5 }

0.5}

1.5 }

0.5 }

(b)

1.6

Checking the Distillation

Spectral information encapsulated
by two numbers, dN/dy & {p:)

| model spectra from

30 random points in
parameter prior

| 74 pion spectra:

with 573<(p)n< 575 MeV

44 proton spectra:

| with 1150<(p)»< |152 MeV



Two Calculations

1. J.Novak, K. Novak, S.P., C.Coleman-Smith & R.Wolpert,

RHIC Au+Au and LHC Pb+Pb Data
14 parameters, include Eq. of State
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2. S.P., E.Sangaline, P.Sorensen & H.Wang, in progress

ArXiv:1303.5769
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http://inspirehep.net/author/Novak%2C%20John?recid=1225329&ln=de
http://inspirehep.net/author/Novak%2C%20Kevin?recid=1225329&ln=de
http://inspirehep.net/author/Coleman-Smith%2C%20Chris?recid=1225329&ln=de
http://inspirehep.net/author/Wolpert%2C%20Robert?recid=1225329&ln=de
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+ k1In(1/165)
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N/s vs
saturation
picture

See Drescher, Dumitru, Gombeaud and Ollitrault
PRC 2007
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Constraining Eq. of State with RHIC/LHC Data (MADAI Collab.)
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Which observables constrain the EoS?

Constraining Eq. of State with RHIC/LHC Data (MADAI Collab.)

Lattice: Hot Q D BW7

upper/lower ranges (a

)

c<° (speed of sound squared)

o
—h

200 250 300 350 150 200 250 300 350 150 200 250 390
T (MeV)



Sensitivity to Uncertainty

Constraining Eqg. of State with RHIC/LHC Data (MADAI Collab.)
-~ r++rJrrrrrrrrrrrrrrrr+ [ rrrr 1T 11 °

o o
N &)

cs° (speed of sound squared)

—
Lattice: Hot QCD / BW

| | | |
upper/lower ranges (arXiv:1407/638

= - U

W#» ~ CONSTRAINED | CONSTRAINED -

WITH 9% | WITH 6% -

!/ UNCERTAINTIES 4 UNCERTAINTIES -

‘i’ - -
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T (MeV)



SUMMARY

¢ Robust
¢ Emulation works splendidly

¢ Scales well to more parameters & more data

¢ Eq. of State and Viscosity can be extracted from RHIC & LHC
data

¢ Other parameters not as well constrained

¢ Heavy-lon Physics can be a Quantitative Science!!!!



Improve models (will lead to more parameters)
hadronization uncertainties
bulk viscosity
more realistic cascade
Bose enhancement, better cross sections

NEAR 3D corrections
FUTURE lumpy 1C

Better statements of uncertainty
Requires cooperation, both experimenters and theorists

Extend to different analyses
Initial state studies
Jet Physics



Improve models (MANY more parameters)
3D Initial Conditions
baryon stopping, initial flow and rotation,
BEAM initial temperatures, corona

Paramterize |C
ENERGY Density Dependent EoS

SCAN Mean-field for hadronic Boltzmann

Statistics may require rethinking
Nparameters ~ 50

Should be able to determine P(p,T)



If you’re interested...

|. Tools are readily extended
2. Download software and tutorial from http://madai.us

3. Talk to me (prattsc@msu.edu)
or Evan Sangaline (esangaline@gmail.com)

Made possible by contributions from DOE, NSF, Chris Coleman-Smith,
John Novak, Kevin Novak, Evan Sangaline, Paul Sorensen, Joshua Vredevoogd,
Hui Wang, Robert Wolpert, and viewers like you.


mailto:esangaline@gmail.com

Relative Probability

Additional slide: Charge BFs and charge
susceptibilities

S.P., C. Ratti and W.McCormack, arXiv:1409.2164

0.5
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chemical

Probabilit¥ distribution of conserved charges:
reezeout and the chiral crossover

Krzysztof Redlich, Uni Wroclaw

Relativistic Heavy-Ion Collisions

viscous hydrodynamics

‘ _free streaming

e
{ dynamics_|
collision evolution
t~0fm/c t~1fm/c t ~ 10 fm/c

e Fluctuations and correlations of conserved

charges at the LHC and LQCD results
With: P. Braun-Munzinger, A. Kalweit and J. Stachel

® The influence of critical fluctuations on
the probability distribution of net baryon
number. with B. Friman & K. Morita

|
n. Plasma
I. . '
|
\ 4 Chiral

symmetry
restored

Hadronic matter

Chiral symmetry X
\

broken
|

Hp

9 —

15t principle calculations: -
1, T << Ao o ¥ —Perturbation theory
T >> Aoy pQCD >

py <T . LGT



Excellent data of ALICE Collaboration for particle yields

ALICE Collaboration

- 10’ -
5 ALICE, Pb-Pb 0-20%, sy =2.76 TeV  (ein* (x 4')
> 10° . @K (x4)
S 10 A. Kalweit ®p (x4)
- A (x 42)
- 10° ®E (x4)
<2 *Q (x4)
> 10° o _ %id
S— . . 5 3
= 107 .- e L
10 —oﬂ:.;l . ST ®
3 ® —— l
< 1 ekl ® e .
= Ky —o—
10 - * * e
102 == [ o
* e
107 —h—
10
Pb+Pb @ sqrt(s) = 2.76 ATeV 10° tttﬁ:‘:l Y
2010-11-08 11:30:46 E’:I
F|”1482 10_6 1 I|II I|IIII|IIII|IIII|IIII|IIII
Run: 137124
Event : 0x00000000D3BBE693 0 1 2 3 4 5 6 7 8 9 10
P, (GeV/c)

ALICE Time Projection Chamber (TPC), Time of Flight Detector (TOF), High Momentum Particle
Identification Detector (HMPID) together with the Transition Radiation Detector (TRD) and the
Inner Tracking System (ITS) provide information on the flavour composition of the collision fireball,
vector meson resonances, as well as charm and beauty production through the measurement of
leptonic observables.




Consider fluctuations and correlations of

conserved charges

N

Excellent probe of:

QCD criticality
A. Asakawa at. al.
S. Ejirietal,,...

M. Stephanov et al.,

K. Rajagopal et al.

freezeout
conditions in HIC

F. Karsch &
S. Mukherjee et al.,

P. Braun-Munzinger
et al.,,

They are quantified by susceptibllities:
It P(T, us, 14, 14s) denotes pressure, then

AN _ aZ(P) AN az(P)

T2 a(uy)’ T2 duou,
N:Nq_N—q’ N’M:(B’S’Q)1 /U:/U/T’ P=P/T4
Susceptibility Is connected with variance
Z'; = 13(< N*>—< N >%)
T2 VT o
If P(N) probability distribution of N then

<N">=> N"P(N)
N




Consider special case:

P. Braun-Munzinger, Charge and anti-charge uncorrelated
B. Friman, F. Karsch, _ o

V Skokov &K_R. and Poisson distributed, then

Phys .Rev. C84 (2011) 064911 : : .

Nucl. Phys. A880 (2012) 48) P(N) the Skellam distribution

B X N/2 . -
<Ng>=Ngq = P(N):[N—q] |N(2\/N—qu)eXp[_(N—q+Nq)]

Then the susceptibility

In 1
T2 _VT3

(<N, >+<N_ >)



Consider special case: particles carrying q=+1+2,+3

P. Braun-Munzinger, The probability distribution
B. Friman, F. Karsch, 3 2
V Skokov &K.R. S -=3S P(S) = (%)% exp{Z(% + 57)]
Phys .Rev. C84 (2011) 064911 < 9_q == 9
Nucl. Phys. A880 (2012) 48) o =+142 43 Z Z 53 ”211 21/555,)
i=—oo k=—00
—=2)21,(24/ 5555
( %) (24/5253)
(g—;)_z_gk’jzfza-kgk—s(g S15%)
Fluctuations Correlations
|Q'| qA
_ Xﬂ"ﬂi’
n= n=—gy M=—qnr

(Ny.m ), is the mean number of particles
; carrying charge N =n and M = m.



Deconfinement and chiral symmetry restoration in QCD

The QCD chiral transition is
Pisarski & Wilczek; CrOSSOVEr Y.Aoki, etal Nature (2006)

r" Critical 2nd order, O(4)  and appears in the O(4) critical region
region 2nd order, Z(2)
1st order O. Kaczmarek et.al. Phys.Rev. D83, 014504 (2011)
‘‘‘‘‘ crossover
Asakawa-Yazaki Chiral transition temperature

' Rajagopal, Schuryak
\\Stephanov; Hatta, et al. TC :155(1)(8) MeV

e T. Bhattacharya et.al.
r 774 Phys. Rev. Lett. 113, 082001 (2014)

Deconfinement of quarks sets in at

the chiral crossover
A.Bazavov, Phys.Rev. D85 (2012) 054503

The shift of T, with chemical potential

See also:
Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S. D. Katz, et al. TC (,LlB) =TC (O)[1—0.0066 : (,uB /TC)Z]
JHEP, 0906 (2009)

Ch. Schmidt Phys.Rev. D83 (2011) 014504



Probing O(4) chiral criticality with charge fluctuations

Due to expected O(4) scaling in QCD the free energy:

P =Py (T, ty 14,) +07'P (0% (1), b h)

Generalized susceptibilities of net baryon number
—d h(2 a-nl2)! o f

_d h(2an/ﬂ5f ()
(n)

(n)
n 4 C |
c o _0(PIT7) _ CR(n) _|_Cs(n) with ©

S o /T e

S |y7&0
At =0 only Cé”) with N =6 receive contribution from C;
(n)

At u=0 only c” with N>3 receive contribution fromC;

cg-2 = ¥s / T?| Generalized susceptibilities of the net baryon
number non critical with respect to O(4)




Variance at 200 GeV AA central coll. at RHIC

BRNE:

0

T -
o -

i

F ity

0
0
10
0
0
0

e

STAR Collaboration data in central coll. 200 GeV

P. Braun-Munzinger, et al.
Nucl. Phys. A880 (2012) 48)

Consistent with Skellam distribution

| |
— /oy =130 GeV

<p>+<p>

§4

=1.076+0.035

= = 4/ 8yN =200 C'IE“'Jr
O

- H_.!.r_.!,‘r —ZTG ITE"!lr

2

=1.022+0.016

X3

Consider ratio of cumulants In
In the whole momentum range:

| 2
E O

+

T o
T o |

yo]
< |

=6.18+0.14 in 0.4 < p, <0.8GeV

=7.67£1.86 in 0.0< p, <o GeV




Constructing net charge fluctuations and correlation
from ALICE data

Net baryon number susceptibility

_jl_('g zV_T_3 ( p>+<N)+<A+Zo>+<2+>+<2‘>+<E‘>+<E°>+<Q‘>+ﬁ )

Net strangeness
')I'tg zV_T_s (<K+>+<Kg>+<A+Zo>+<Z+>+<Z‘>+4<E‘>+4<E°>+9<Q‘>+ﬁ

(T, o+ +T o+ ) o))

p—K p—K go—)Kg

Charge-strangeness correlation

o o 1 ((k*)+2(=")+3(Q )+ par

T2 VT3

_(F(p_)w +F¢—>K_)<¢>_(FKS—>K+ +FK3—>K_)<KS> )




Xs + Zs +Zos constructed from ALICE particle yields

use also 3%/ A =0.278 from pBe at s =25 GeV

. 1
Net baryon fluctuations 75~ 3 (203.7£11.4)
. 1
Net strangeness fluctuations fi ~ oy (904.2116.8)
Ags

1
Charge-Strangeness corr. ~ e (191£12)

T2

Ratios is volume independent

X8 _0.404+0.026] and & =1.066+0.09
Xs Xos




Compare the ratio with LQCD data:

A. Bazavov, H.-T. Ding, P. Hegde, O. Kaczmarek, F. Karsch, E. Laermann, Y. Maezawa and S. Mukherjee

Phys.Rev.Lett. 113 (2014) and HotQCD Coll. A. Bazavov etal. Phys.Rev. D86 (2012) 034509

: 035 E ﬂl T L T T T ] [I'ElEl [ T T T T T T
SB I |'T"" SH ] [ a5 ~2 ]
1 REL 1 o03t™ L] AT ]
[ ' LS - n
08 r El 025 ] l- = . 0.25 - .' 7 a .
L ] fy, scale m ] [ )
e 02 b 1 o2t i
06 i 1 l! . - fi; scale
- fi; scale 1 015t 6 | 1 0I5 - cont. extrap
) continuum exfrap. 17 ] [ - -
04k continuum er:tr_s;pi ] N1=1p3 o] ; N=12 o
g 01 . 01 g am
A ] s B S 6 =
"2 . ] [+ T [MeV]
D | -..I 1 I¢ 1 L 1 1 1 | |T [ME"FII]| ﬂ i-. 1 ¢ L L L I-l-[hﬂEIl.lll]l ] D : L : ¢ IIIIIIIII
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Is there a temperature where calculated ratios from
ALICE data agree with LQCD?



Baryon number, strangeness and Q-S correlations

Compare at the chiral crossover There is a very good
° T | | | 1 agreement, within
T rremanieE e systematic uncertainties,
M [+ between extracted
s | 1 susceptibilities from

ALICE data and LQCD at
the chiral crossover

% |

] le How unique is the
determination of the

temperature at which such

10X /Xe  AXXg/Hge XX/ Xgs agreement holds?




Consider T-dependent LQCD ratios and compare

with ALICE data
(S = T T I
XX g ol Xg/' X gs .
* | GT LGT
Al TCE 1 3
05 AL TCE
1.2 +%+
““““““““““““““““““““““““““ 1.1 ** + ;
o __: _14%_ ________________________________ R + }‘*Jiii*f‘}
f*i 1.0 *
___‘_ _____'____ Tt T _+‘ ______________________________________________________
te0s000e .
- 0.8
' *
o 3F- 1 = O . 8F
a
0.8 -
oz 1 1 1 1 1 1 1 1 L 1 L 1 -I|- JEEV}
15 .16 .17 .18 .19 .20 21 . 22 23 .24 . 25 .26
0.5 L

Feem ] 1 1 1 1 1 1 1 1 1 1
T 1Gev 15 16 17 1B .19 20 21 22 .23 .24 25

The LQCD susceptibilities ratios are weakly T-dependent for T=T,

We can reject T <0.15 GeV for saturation of e, #s @d xos at LHC
and fixed to be in the range 0.15<T <0.21 GeV, however

LQCD =>for T >0.163 GeV thermodynamics cannot be anymore
described by the hadronic degrees of freedom



Extract the volume by comparing data with LQCD

SinCe (74 /TZ)LQCD _ (<N°>-<N >2)LHC

vifm’]x107° V\ T?
g *V. 4 thus
| .me * Vxﬁ
; 203.7+11.4 504.2+24.2
5.0F ) 5 i VZB(T): 3 2 st(T): 3 2
~ ; T (e /T )LQCD T (e /T )LQCD
| /ﬂf{ | [ ) 19112
4 0k %{ . #os Tg(ZB /TZ)LQCD
3.0 f ' All volumes, should be equal at a
Lol gu,\f | given temperature if originating
r from the same source, thus
tO 0 I15 o I15 0 In T >150 MeV



Constraining the volume from HBT and percolation theory

VIifm3]x1073

per
4xnc

Some limitation on volume from
Hanbury-Brown—Twiss: HBT
volume Vypr = (27)32RiR,R..
Take ALICE data from pion
interferometry Vg, =4800+640 fm™

If the system would decouple at
the chiral crossover, then V 2V ;.

! 1
0. .15 0. 16

From these results: variance extracted from LHC data and HBT consistent with
LQCD for 150<T <156 MeV and the fireball volume

V ~4500+500 fm®




Particle density and percolation theory

| Vi I Density of particles at a
oV e r - exp
) l v v T g|Ven VOIUme n(T) — Ntotal
fﬁ_ Ve | Total number of particles in
’ HIC at LHC, ALICE
R PP * g (N}) =3(1) + 4(p) + 4(K) + (2 + 4 x 0.2175)(Ax;)
2 0f v B 4 ] + A(E) + 2(),
1.0 D.'_j -"F: ; I'_a D.I'_? {-'-HI""T'E'.> — 2‘-]:86 T ].EI:G
Percolation theory: 3-dim system of objects of volume V, =4/37zR;
n. = g take R,~0.8fm => n, ~=0.57 [fm‘3] -~ T ~154 [MeV]

C

0
P. Castorina, H. Satz &K.R. Eur.Phys.J. C59 (2009)



Thermal origin of particle yields with respect to HRG

Rolf Hagedorn => the Hadron Resonace Gas (HRG):
“uncorrelated” gas of hadrons and resonances

<N ==V (T )+ 300 (T 0]

A. Andronic, Peter Braun- Munzmger & Johanna Stachel

1 L I L I LI
etal. 10 <N>/2J+1)  PoPb 5, 276TeV -
.. 0-10% centrality (N =356) A
- - . 102§ ~.,_' part -
Particle yields with no resonance decay e :
contributions: 10 T E
- b . ]
1 _
= -~ Q
1 dN al ! _
_ =V(Mm/T)*K,(m/T) 107 “J
2] +1 dy 102k =
f m Data (ALICE) ‘ :
10°F E
: fﬂe oy ]
10* g A
E: o b b b e b Ly |‘-*l-.1 13
0 0.5 1 1.5 2 2.5 3
Mass (GeV)

Measured yields are reproduced with HRG at T =156 MeV



What is the influence of O(4) criticality on P(N)?

For the net baryon number use the

Skellam distribution (HRG baseline)
B

P(N)z(Ej |, (2BB)exp[(B + B)]

as the reference for the non-critical
behavior
Calculate P(N) in an effective chiral

model which exhibits O(4) scaling and
compare to the Skellam distribtuion

uN
P(N) = Zc(N e’

GC




Modelling O(4) transtion: effective Lagrangian and FRG

1 5 1 .\ .
5(8‘”6) + 5((9“775) —U(o,7)
Effective potential is obtained by solving the exact flow equation (Wetterich

eg.) with the approximations resulting in the O(4) _critical exponents

ZLom = qliyuot —g(o+iysT-Tt)|g +

J. Berges, D. U. Jungnickel & C. Wetterich; B .J. Schaefer & J. Wambach; B. Stokic, B. Friman & K.R.

2v,

Vi* d; _
W% (0) = 75 [ Z [1 +2np(E; k)] — E—[l —np(E);) —nr(E )]
1= :'TO'

Enk:\/kz—kgl

: k
Egx= \/k2 +2g°p

dQy
Full propagatorswithk < g < A O = K
[I'A=S ¢lassical ‘ d(c?/2)
Integrating from k=A to k=0 gives a full quantum effective potential
Put Qx=o(cmin) into the integral formula for P(N)



The influence of O(4) criticality on P(N) for =0

Take the ratio of P™ (N) which contains O(4) dynamics to Skellam

distribution with the same Mean and Variance at different T /T
K. Morita, B. Friman &K.R. (QM model within renormalization group FRG)

1.1 —
{
!
%

/4 Ratio <1 at larger |N|
’ If ce/cr <1

FRG, V=50fm>

=0

= 1.05 |
g 14
ke 1.2
< < 1|
m& 1 — 0.8 |
g s 06 |
&) Eo 04
m - . 0.2 |
Soss| /0 Tt - ] <
! 0.79 - v 02 | Exact — -
0.89 -04 | F{econstrué’gcd --- \..___//
0.93 . 06 Skellam -
0.9 — ' - : : 06 07 08 09 1 1.1
-1 -0.5 0 0.5 1 T,

SN/(ANg%/2)




The influence of O(4) criticality on P(N)at x=0

Take the ratio of P™¢(N) which contains O(4) dynamics to Skellam
distribution with the same Mean and Variance near T, (&)

K. Morita, B. Friman et al.

1.04 — : :
FRG, V=50fm*
1.03 I\ ,_50 MeV
= 1.02 \\h
0 '
a 1.01 AN
E N“ﬂh
a1 i s ezt
P s T/T,.=0.61 ™
(a8 t“‘ =\u. — .
0.99 i Pe= 020 N
i 0.79 - \
0.98 | 0.89 \
097 Lb) | 098 - | |
06 -04 -02 0 02 04 0.6

SN/N,

Asymmetric P(N) N> <N >

Neaerc (L) the ratios less
than unity for
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Probability distribution of net proton number

STAR Coll. data at

'STAR data
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Thanks to Nu Xu and Xiofeng Luo
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Do we also see the O(4) critical structure in these probability distributions ?

Efficiency uncorrected data!!



The influence of O(4) criticality on P(N) for #=0

In central collisions the probability behaves as being
iInfluenced by the chiral traqszition K. Morita, B. Friman & K.R.

1.1 —
T,1)=(210,0) MeV -
( lu)(;§10,10; MoV - N t  0-5%, Ny, > 100
,..\ (209.5,28) MeV N -\
S 1.05 }. cwsaomey - { E 1.1 . STARDATA
o AN (208,58) MeV = -
§ (206,82) MeV - 2 ‘.
e @ 0
w& 1F > 1 MARYS
3 &
; = |
ba 0.95 g ﬂ Iﬁl‘l
Z 0 . 9 [ "\Ill;l.'.:\v o
o9 b . . ... a 200GeV =  27GeV - 4
-100 -80 -60 -40 20 0 20 40 60 80 62.4GeV + 19.6GeV ~ .
N-<N> 0.8 - 39GeV -+

-10 -5 0 5 10
N-<N>



Centrality dependence of probability ratio

1.2
1.04 — : : _
03 FRG, V=50fm> si2omcey K. Morita et al.
' )
E14} Ny >100 N vy !
2 1021 ; ! Non- critical
A 1.0 | § behavior ' 1.
Eﬁ_—- 1 EU} 1 e _wi H:__\....
‘e E » g
099 [ .- | O(4) critical '}
" £ i \
0.98 | z 09} .
< .
(b) 0-5% = 20-30% - b
0.97 SN JL S — 5.10% + 30-40% :
06 04 -02 0 02 04 06 08 10-20% =
SN/Ng ' 10 5 0 5 10 15
N

For less central collisions, the freezeout appears away
of the pseudocritical line, resulting in an absence of the
O(4) critical structure In the probability ratio.



Conclusions:

From a direct comparison of fluctuations constructed from
ALICE data, and LQCD results one concludes that:

there is thermalization in heavy ion collisions at the LHC
and the 2nd order charge fluctuations and correlations are
saturated at the chiral crossover temperature

Skellam distribution, and its generalization, Is a good
approximation of the net charge probability distribution
P(N) for small N. The chiral criticality sets in at larger N>3
and implies deviation from Skellam distribution.



Missing resonances in strangeness fluctuations

Pok Man Lo, M. Marczenko et al.

{}-6 I I I I I
0.55 | lat. S8 BSSSS /| = Known strange hadrons
= confirmed R underestimate LGT strangeness
0.5 all \\\t fluctuations
0.45 | confirmed +Kkappa \\\\\\- One needs to include states expected
04 - @ | in the Quark Model , particularly
0.35 ®\ the low lying strange-hadrons
aal @\ | The main contribution is due to
0.3 N -~ 1 expected “kappa”’ K*(800) strange
0.25 \\\\ . 0~ meson in addition to already
0.2 L \ i known 1" state
015 .
01 K*0(800) MASS 682129 MeV
0.05 = | | | | K*0(800) WIDTH 54724 MeV
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Ratios of cumulants at finite density in PQM model with FRG

B. Friman, F. Karsch, V. Skokov &K.R. B. Friman, V. Skokov &K.R.
 EurPhysJ. C71(2011) 1694 Phys.Rev. C83 (2011) 054904
ZU : o | - - - T " /]L=O T 18 IB ' T - T - T
i 9 Z4 d | 9;(—6
) —_— pq/T:O.S [ B —
15 7 ——uT=1l 9 fr o —\HRGvalue
[ —— u/T=15 ]
10 RG value
5| T\
_ _ — w/T=0 |
0 — | ——wT=0.14 . | ]
_ Or._. w/T=0.44 1 F
5 ' )
| . | . | . . . | -18 | . | . | . I.
04 06 08 1 12 14 06 08 L 12
T/ Tp‘ézo TIT.

Deviations from low -T HRG values are increasing with 4/ T
and the cumulant order . Negative fluctuations near the chiral
Crossover.



Excellent description of the QCD Equation of States by
Hadron Resonance Gas

A. Bazavov et al. HotQCD Coll. July 2014
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16 [ .
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121
T
8 apTé I
gT4 0 T
4 3g/4T3 [ .
TMeV] |

0
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“Uncorrelated” Hadron Gas provides an

excellent description of the QCD equation of

states in confined phase

F. Karsch et al. HotOCD Coll.

0.35 ;
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e
A A
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N’E=12 &
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6 4
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= “Uncorrelated” Hadron Gas provides also an
excellent description of net baryon number

fluctuations
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200 GeV

Temperature (MeV)

Hadronic Gas

Baryon Chemical Potential ji; (MeV)

3(15)



Exploring the phase of QCD

200 GeV

Temperature (MeV)

Hadronic Gas

0 250 500 750 1000
Baryon Chemical Potential ji; (MeV)

 Event-by-event
fluctuating initial
conditions

e (3+1)-d dissipative
hydrodynamic
modelling of the
QGP

* Microscopic
description for
hadronic phase

3(15)



Exploring the phase of QCD

200 GeV

Temperature (MeV)

Hadronic Gas

0 250 500 750 1000
Baryon Chemical Potential ji; (MeV)

 Event-by-event
fluctuating initial

conditions
(AMPT, UrQMD,
MCGIb*, ...)

e (3+1)-d dissipative
hydrodynamic
modelling of the
QGP

MUSIC

* Microscopic
description for
hadronic phase

UrQMD

3(15)



Exploring the phase of QCD

200 GeY
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Initialize MUSIC with net baryon density

Since baryon number is conserved,

/ TodNs / d°x | pp(x1,1ms) = Npart-

For Glauber initial conditions, we assume

0.30

pB(x1,ms) = f(ns)pB(XL).
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Dissipative hydrodynamics
Energy momentum tensor
TH'=cu"u”—(P+I11)A*Y 471"
d, T =T, , =0

AHY = gt — utu”

Conserved currents D — uhd
B o o M - H
J" =nu"”+q VH = AR
dw]“ — 0 0 =d,u"
Dissipative part:
4
A“O‘A”BDWQB — —i(w“’” — 2not’) — §7T“”9
Tr
v 1 HB 3 1)
A" Dq, = —— (q“ — %V“—) —q"0 — —d"q,
T4 T D
T np 0.2
T _p08 k=02—2 5 =22

e+ P PB 1 T
6(15)



Code Check

1+1D cross check:

._._.--.—.-.-...

)

=

o
o

e (GeV/fm?
=
o

B — MUSIC 1+1D A — MUSIC 1+1D
1073 @ = = Akihiko X b m = Akihiko

MUSIC results agree very well with Akihiko’s results

7(15)



Code Check

T
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for the transverse

dynamics
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Cooper-Frye freeze-out

Freeze-out hyper surface is determined
using Cornelius freeze-out algorithm

giu;ﬁ{? .,Li’jz‘,!v S P. Huovinen and H. Petersen, Eur. Phys. J. A48, 171 (2012)

dN; gi

fole.P) = o m@ 11

Using relaxation time approximation,
0 i i npB bi\ P q
5f0(56,p) :fO(ZC,p)(l L fO(ZE?p)) ( ) ~

e+P FE K
Rk =K/,

~(T, up) is calculated using hadron resonance gas model
9(15)



Cooper-Frye freeze-out

dN; 9 w13
E %y = e | 70 ) 4650

fo(@:P) = “mi e 1
. . . b .
5£ian) = fie ) £ fitep) (25— ) P

e+P K K

N = NP = [0, 3 s | o () = 5+ 05 = 07 )
:/dSJM(nBu“—I—q“) '
ﬁﬂ(nBu“ + C]M) = 0

« With diffusion, o f is essential to ensure net baryon number
conservation

NB _ NB
IS conserved
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Results
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Results
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Results
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Results
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* The initial envelope functions in 7, are tuned to reproduce
experimental dN" /dn and dNP~? /dy
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Result

S

900

— /sy = 200 GeV ® & PHOBOS data @200 GeV

800f — sy = 62.4 GeV A A PHOBOS data @62.4 GeV
—  /swn = 19.6 GeV Y Y PHOBOS data @19.6 GeV

700}
600}
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= 400
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— \/ SNN = 200 GeV
A A exp data @62.4 GeV

— /sy = 62.4 GeV
v Vv exp data @ NA49
— /sy = 19.6 Gev

* The initial envelope functions in 7, are tuned to reproduce
experimental dN" /dn and dNP~? /dy

e Baryon diffusion slightly increases dN?~? /dy at mid-

rapidity and narrows the talil in its distribution.
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Light meson spectra and vo
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* Attop RHIC energy, finite Pv and diffusion have little
effects on pion spectra and vz at mid-rapidity
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Light meson spectra and vo
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Light meson spectra and vo
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* Attop RHIC energy, finite Pv and diffusion have little
effects on pion spectra and vz at mid-rapidity

e [he eftects increase as collision energy goes down.

3.0
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Light meson spectra and vo

DloN spectra flatter
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Baryon diffusion reduces radial flow; o0 f makes the
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Light meson spectra and vo
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~proton vs anti-proton spectra and vz
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 Baryon diffusion has small effects on proton, antiproton
spectra and vz at top RHIC energy
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~proton vs anti-proton spectra and vz

Solid: with diffusion; Dashed: no diffusion; Dash-dotted: no pB
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~proton vs anti-proton spectra and vz

Solid: with diffusion; Dashed: no
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e Baryon diffusion slightly increases N? — NP?; but it
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reduces the difference in vo between proton and

antiproton
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proton vs anti-proton spectra and vz
Solid: with 0 f : Dash-dotted: no d { : Dashed no diffusion

Vs = 19.6 A GeV
MCGIb. n/s=0.08 0-5%

1.0 1.5
pr (GeV)

* Opposite of corrections to protons and anti-protons

14(15)



proton vs anti-proton spectra and vz
Solid: with 0 f : Dash-dotted: no d f : Dashed no diffusion

Vs = 19.6 A GeV
MCGIb. n/s=0.08 20-30%
ly| < 0.5

15 2.0 25 3.0
pr (GeV)

e Baryon diffusion reduces v2 asymmetry between
orotons and anti-protons; o0 f corrections increase the
difference 14(15)




Conclusion

We present preliminary (3+1)-d viscous hydrodynamic
simulations including net baryon diffusion for the RHIC
BES program

Out-of-equilibrium o f corrections from baryon diffusion
'S essential to ensure net baryon number conservation

Baryons and anti-baryons receive large
corrections from baryon diffusion o f

Baryons diffusion reduce the proton antiproton vz
asymmetry at the low collision energies

Evolving more conserved currents, including initial state
fluctuations, and coupling to UrQMD will come soon
15(15)



pack up



Stabilizing MUSIC with diffusion

We implement quest_revert for ¢" to stabilize the hydro
evolution with diffusion,

uq, =0 q g’ = —

The size of ¢“

¢ = VI 1
9 — pp| prefactor x tanh(e/egec)

prefactor = 300

gmax = (.1

If §q > &,




Stabilizing MUSIC with diffusion

We implement quest_revert for ¢" to stabilize the hydro
evolution with diffusion,

0.008 ; ; - ; 0.002
0009 0.001}
0.004¢ |
—~ 0.002 ~ 0.000F—4&\- - =l4 bty S S e o a0 |
E E
= 0.000 = —0.001} 7=0.4 fm
iy — 7=1fm
"~ —0.002 o r=1.5fm
—0.002 7=2fm
—0.004} 7=2.5fm
— i =3 fm
—0.006! 0.003

most of the modifications are at the edges of the fireball



Experimental Overview of Baryon
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Overview

e Introduction

¢ pp

e PA

 Heavy lon baryon.transport
 Afew madel comparisons

e Summary
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Introduction

e [nterest since 80’s when HI and QGP was first
considered

 Seminal paper by Busza & Goldhaber, with
expectation based on data from pp, pA

 Net-baryon vs. net-protons

 What have we learned from 30 more years
experience

 The importance of transport/stopping at BES
energies

N DIRTEN, RBRC workshop, Feb, 26-27, 2015
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Early Considerations

Low energy pp data shows that dn/dx; is
~ constants i.e. dn/dy~ exp(-Ay) b ot <Bayonsx

X- = pz/(sqrt(s)/2) /¢ 1

+ pp —=Baryon + X - 0%

B
<]
]
. o7 B
Reviewed pp and pA data 8
]03 """"" TrrrrrrrrT Trrrrrrrres frerrrrrres Trrrrrrrrr I 06 E
i pp —pX - Walt of we nucieus &
& Basile et al. (ISR) ) AN 03 §
® Aguilar-Benitez et al. (400 GeVie) | Lawar timlt on raghdity T
102 | DB]'eTmeTBtal(”s Gevlﬂ] * L ipee of 273 lesidant Baryon Jaa E
] ® Breaner et al. (100 GeV/e) T3
N £
i — A %% --E
5 10 ; T i — e [ f
E 100 | T . T l - ’ =S -E
5 © Aguilar-Benitez et al. (400 GeVic) _,,-/->/ E’E‘!E}:':' :'”r“" : qer =
'g 10 2 PP 1 L _— L 1 L
g —2.0 —1.0 0
Y AY
£
g
10"
dy ~0.9 for pp; dy~2.3 in central pPb
.2 0.5
10° ' : ' ' Busza and Goldhaber

0.0 0.2 0.4 0.6 0.8 L0

X Phys Lett 139B,233(1983)

N AN, RBRC workshop, Feb, 26-27, 2015 @ 2y ikt
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pp / pA overview

e NA49 data —at 17.3 GeV
 BRAHMS data from 62, 200 GeV

 Net Baryon iIs hard to measure. Most times net-
proton Is used as a proxy. Depending on
observable this can dilute observations and
Interpretation

 Net-Baryons have been evaluated taking into
account measured neutrons, and heavier
hyperons.

N DIRTEN, RBRC workshop, Feb, 26-27, 2015
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NA49 pp 158 GeV

NA49 Eur.Phys.).C65,9 (2010)

dn/dx,.
2 5
F [mbc]

=
i\ ]
dn/dy
tm\gm

107"

107H 5 3 : ; 1 10% .
: 0 ] ' T ] o T ]
I ] 107E E 107 ¢ E
102F ; : ] ? ]
? ! 3 | 10
- 1 10% i i

10

1 L L 1 L L L L L L L L I L L L 1 L L L1 L L L L1 1
0 05 1 0 05 1 0 1 2 3
Xe Xe y

NA49 measured extensive
pp, TP reactions.

dn/dxg ~ constant

Neutrons like p apart from
diffractive region

BROOAREN, RBRC workshop, Feb, 26-27, 2015 ), Ahce of 6
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Net-proton in pp is a reference

BRAHMS\/s = 200 GeV BRAHMS Preliminary
0.3 " BRAHMS\/s = 62.4 GeV
4 NA49\s =17.2 GeV

-y, ) p

Z > | — * beam
'c|'cs i A’e

: | I

oS 0.27

E | y,, =17.2 GeV

Q.

r "y, =200 GeV y, =62.4 GeV

=

(=]
-
P [

The pp Net-p distributions at 62 and 200 GeV exhibits same behavior as the
low energy data. Leaves little room for new mechanisms in p+p stopping

BEROOKHFAVEN P Office of
NATIONAL LABO

RATO RY —~4 Science
U.5. DEPARTMENT OF ENERGY
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DA

Net baryon distribution
e To look better at Projectile component

projectile vs. target
contribution NA49
compare 1p,TA with
pp and pA.

e Strong increase of
transported protons
with centrality at y~0

* These detailed ¢ -
measurement in L central
essence confirmed the a2l 0 S

early work by Busza Xe
A.Rybick, SQM 2003 (NA49)

dN /dx,

intermediate

by
|
A

BROOKHRVEN RBRC workshop, Feb, 26-27, 2015 ), Ahce of 8
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Very high energy

a 1.1 - = - m 1.1¢
& uncert” - star’ + syst & | uncert = stat® + syst ]
PP —% e
08 collisions . -
08 g,g;_ ) ?TF*EAI\
07 08F +
06—
o NA 49 07
05+
03 0.5:— = ALICE WA ¥ LHCh /A
02 & | , B We » ALICE [« ALICEp s LHChEp
T2 3 4 5 6 7 8 g 10 O4b o v v e
Y beam -1 0 1 2 3 A 5
y
« Pbar/p as a proxy for baryon ALICE
Stopplng Eur. Phys. J. C (2013) 73:2496
* All mid rapidity from seaquark or
gluons. Almost no contribution
from transported baryons.
Data can be described by exchanges with the Regge-
trajectories intercept of Aj ~ 0.5. Implies any transport not
suppressed at large delta y is disfavoured.
BROOKHLVEN RBRC workshop, Feb, 26-27, 2015 I(6), Office of 9

— -4 Science
. DERY
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What is learned about mechanism

Long history on ideas

e 1980 Valence quark
recombination

<X>~0.5 | N
. fr‘cﬁ:mﬂernkfaﬁon— ‘Fr*a[;:i:i:l;ﬂon 4== Recombination
« Valence g-qq breaking
<xg>~1/3 (In many do
ry ——
« Valence quark
fragmentation, CGC L 5

rr

e Baryon Junction FS Navarra, WND 2015

BROGIAMIEN, RBRC workshop, Feb, 26-27, 2015 ), Ahce of 10

TMENT OF ENERG Y



Heavy lon

* Overview of data energy and centrality dependence

e Net-ptonetB
— AGS 917
— AGS E866
— SPS
— RHIC
— LHC

 Where do distinction between transported proton
and net-p cease to be relevant?

 Where is absorption relevant for quantities?

* Net proton, net-B variables
— Directed flow, v2 particle anti particles
— Kurtosis..

BROOKHAVEN RBRC workshop, Feb, 26-27, 2015 ), Ahce of



Data Sample Considered

m_mm_

3.84 1.34 AuAu
8 4.30 1.47
917,E866 10.8 4.70 1.57
NA49 20-80 6.40-12.4 1.90-2.57 PbPb
NA49 158 17.3 2.91 PbPb Pp, pPb
BRAHMS 62.5 4.5 AuAu Pp
200 54 AuAu pp
ALICE,LHCb 7,600 pp

BROoKARUEN, RBRC workshop, Feb, 26-27, 2015 I8, Aice o 12
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AGS energies

E917 measured at 8-11 GeV.A

Increased stopping with centrality,
but not complete

Small rapidity losses ~0.6-0.9
Limited phase space

anill]ll[[]lflllll|11 fII'|'|I'I1TII[III
6 AGeV 108 AGeV 4
70
60 -
50 -
> 1
= 40 w '
T 12=-23% -

NATIONAL LABORATORY

L I 11 1 I 11 Ll L1
1 0 1 -1 0 1

>

g Y=Yem
=)

0 1.1'1':1 salaas :1'1“ 1 “-i': paalig ‘:‘1‘\-4._:;1'1“].1 saalaas :‘[‘rs i
-1 0 1 -1 0 1 -1 0 1
Y=Yem
Offi f
RBRC workshop, Feb, 26-27, 2015 ), Yhce of 13
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»

Baryon Transport: rapidity loss, energy available from
the collision?

" A AGS
80" (E802,E877, E917)
7]
- - B SPS
— - ® RHIC E
T L (BRAHMS) ;. 200y,
+ i | | : :
L ) :
< 40— :
“z - L Oy
= 20 ¢S | | Al
_ Sk 0 g0 ¥
R e ee ; .
1 1 1 | 1 1 1 ! 1 1 1 | 1 1 1 ! I:I 1 | 1 I:I
0 4 2 0 P 4
Yem

Central collisions Au,
Data from 62 GeV BRAHMS Phys.Lett.B677,677(2009)
High rapidity 200 GeV data

BEROOKHFAVEN P Office of
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Quantifying rapidity Loss

Yb
0y = Yy 7 t/ y-dN/dy - dy
par

« Conversion to net-Baryon and accounting for un-measured
region resultsin dy = 2.1 at 200 GeV , and 2.0 at 62.4 GeV

 The corresponding energy available for particle production and
transverse longitudinal expansion is 72 and 22 GeV per

participant nucleon.

=~ — <
BRODKHAVEN > Office of 15
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Average Rapidity loss

« The average rapidity loss from the 62 GeV data together
with previous measurements from AGS,SPS and
BRAHMS at 200 GeV

ClAwwilhsr inmAraAac~cirnAa Arv flat -I-rnnd above SPS energiesl

w a5 'r rprrerr .;:i ......
P ar-lr'- avants A+ 5,
_.,.::',"' 3_ &y dram dE M| 1 @
il L e BEAHMES (B2 Ga =] g
2 5 @ oS 276 Tey) - e 5
) | .t i ] o
1.5] v |
.-I Lo L e el |
| ClEanT
| 1 ENOENGS |
0.5~ ] T ¥ ]
| BRAMHMS (57 4 Gavy
. & FRARIMES {200 s {
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0123458780910 N 787c—790:
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Target/Projectile Baryons

Just like in pA it is of interest to understand the
contribution from projectile alone near mid-rapidity.

BRAHMS developed a de-composition that shows a
quite general stopping, transport behavior for net-
protons.

0.5

5w = 17 GV [NA49)

N ll #L * l+‘%‘ 0.5
|+T‘f '; +“f 4 T
0.3 i A . i
. > 041
S 0 A 2l . \’_\.'_ |+ |
S tﬁi.- B o msv Rk
s 0.1 '“ E m I | T
Zm 1 1 1 1 1 1 1 1 % : |T
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~ . L | |
S | z | it 4 i
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Centrality dependence

Compare pp and AuAu centrality dependence
Yield normalized to N,,,/2

Central collisions exhibits large transport of baryon
to mid-rapidity number and energy toward y~0

Mon Oct 20 15:24:56 2008
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Centrality dependence NA49
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NA49 show similar centrality

dependence at 40 and 158 GeV (8.8

and 17.3)
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BES observables

* At BES energies several
observables are studied for E o K
net-protons as underlying |
variable. ©

* At these energies produced |
protons/anti-protons becomes e
Important. Anti-protons are e
used as proxy for produced i
protons

- NA4S
-NA44
-STAR

- PHENIX

D Oen

* Need to understand how B E—
scattering and annihilation may S (G
change observables

NI EN, RBRC workshop, Feb, 26-27, 2015 V/___'l Oence ot
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P, pbar vs. centrality

« At high energy both p, pbar grows with
centrality, whereas at lower energy (here

17.3) protons rise while p-bar falls
NA49 17.3 GeV

PHENIX

.d-.b;i | L I T I T I T I T T T I |
01} E 0 ]
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z ® B | : ]
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Annihilation

At low energies annihilation

IS likely quite important. ol

This process could change

-EB95(p) MW -NA49(p)
-E917(p}] ® -NA49(p)
-EB02(p) [0 -BRAHMS

- EBO2 (p) Ye=130, 200 GeV

T AAe

the kinematics for observed £ 7|

p-bars ol
&

It does of course not ol

change the net-baryon

numbers 2001

Are effects observed In
Inclusive spectra ?

No definitive answer from
experiment

RBRC workshop, Feb, 26-27, 2015
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Directed flow

* Protons and anti-protons 10-40% Centra,'jt;,;f* |
different trend 002 W gy -

* Quantity for net-p 0.04- + a) antiproton
extracted under 1
assumption that p-bar is %;30'01__ \ b) proton |
a proxy for the produced =3 or_\ffﬂﬂ
protons. ©° .\“‘J""A | |

* In addition the pbar/p 001l © "e‘i’i‘:"_‘
ratio changes fairy \ (*ff
quickly vs. rapidity (e.qg. Oty e
at 17.3 by factor 2 over l-:*v” “.;’Q”'D‘ -
one unit of rapidity STAR ' Sw(GeV)

N DIRTEN, RBRC workshop, Feb, 26-27, 2015
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Flow particle vs. anti-particle

 Clear energy dependence
IS If found for flow
difference of particle vs.
anti-particle flow

* |t has been argued this
could be due to transport
of baryons (valence
guarks) with different
underlying basic

properties. (Dunlop et.al
PRC84,044914(2011)

0'06__ TAU+AU, 0-80% %*=-T |
n-sub EP Opp
_ $ OA-A |
5< 0.04- re
>Y ;
< 0.02- 8&5
> =
AT kR
Omé%%' é """ g
0 20 40 60
\/S\y (GeV)
STAR
PRL110,142319(2013)
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pp Models

BRAHMS (not
published) pp data
compared to Pythia
and EPOS 1.99/

e The PYTHIA s poor
descritiption of net-
protons, similar to

most other models
(QGSM, HSD, ..)

« EPOS has a proper
description of dn/dy
and thus dn/dx flat

* Most other models do
not have this feature

loz |

401

loz | J “
s ‘-Hh%-'l%.}'l
lor b h(l;é
L %

4015

0.1

0.05
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dN/dy

Model Comparisons

A number of comparisons of other observables in the parallel
talks and poster; Only example in this talk: net-p

Event generators /transports model have varying success in
describing the features of the HI reaction dynamics.

Looks ok, but neither describes the pp

5 F
40F % 40;
- UrQMD 35E AMPT
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- 30F B
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25F rpeen T e IJ
e N I e I 201 |_:
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Summary and questions

o Extensive body of proton and p-bar distributions
exists in pp ,pA, and AA for a wide range of
energies.

e Touches on Baryon transport and stopping.
o lllustrates what could be important

e Disentangling baryon transport from mid-rapidity
production gets increasingly difficult at lower
energies In part because of absorption effects.

« Will have to rely on modeling to large extend

* In view of current pp data many models do not
describe baryon transport in pp. Description of AA
might be coincidental.

RONIAIEN RBRC workshop, Feb, 26-27, 2015 ), Ahce of
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|deas

« Effect of Baryons, particular in regard to BES
 Summarize knowledge on spectra p-bar/p
 When will absorption be important?

Do we see differences in spectra between net-p and
produced — RHIC, lower energy?

 What do we see at LHC p-bar/p in pp, AA
« Any sign of non-standard stopping in pp

 Make some preliminary AA data from BRAHMS
(Knowville)

o V1-directed flow — refer to Jamie et al speculation on

BROOAREN, RBRC workshop, Feb, 26-27, 2015 ), Ahce of
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A few words on models

e Not a review of models
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Curses and Blessings out of the critical
slowing down: the evolution of
cumulants in QCD critical regime
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Theory and Modeling for the Beam Energy Scan
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Memory effects from Prof. Stephanov

® Thanks for your supervising, collaboration and conversation.

® Such memory will never be washed
out.

Hadronic

Liquid-Gas "\




Motivations

® Why cumulants: cumulants, in particular non-Gaussian cumulants are
important observables for search for QCD critical point.

® Why real time evolution: fireball only spends a finite time in critical regime,

soft-mode in responsible for critical fluctuations is not in equilibrium with the
medium.

® Why evolution of the skewness and
kurtosis: the sign of them are
indefinite. Even a qualitative
understanding of their beam energy
dependence requires taking
memory effects into consideration.

(T-T,)/AT

(u—pc)/Ap



This talk

® Purpose: understand how memory effects would affect the evolution of
cumulants, in particular the non-Gaussian ones. Understand the
implication of such memory effects for detecting QCD critical point.

® We will focus on the evolution of cumulants(the mean, variance, skewness
and kurtosis) of sigma-field in critical regime.

® We will restrict ourselves to the cross-over side of the critical regime but will
take universal non equilibrium dynamics into account.



Outline

® Part |: The evolution equations for cumulants.

® Part ll: Evolution of cumulants in QCD critical regime.

® Part lll: Implications on search for QCD critical point.



Part |: The evolution equations for
cumulants.



Moments(cumulants) of o-field

@ We consider zero moment mode of order parameter field o-field:
o= [d¥xo(x).

@ Given the probability distribution P(c; 7), we have (time-dependent)
moments

o(1) = (o), ko (1) = ((00(7))%)., k3(1) = ((d0(7))%),
ka(7) = ((60(T))) — 3r3(7T) So =0 —a(1).

@ We define Skewness and Kurtosis which are independent of
the normalization of o-field(but depends on the volume of the

system):
5(Skewness) = 2?2 , K(Kurtosis) = % .
Ko 2%

Cumulants Evolution



Fluctuations in Equilibrium in 3d Ising Model universality

class

e Equilibrium distribution Py(o) ~ exp (—VQqo(c)/ T) with the free-energy(density)(m; ! =

“ea) 1 A A
Qo(o) = §m(2, (o — 00)2 -+ ?3 (o — 00)3 -+ 74 (o — 00)4 ,

@ Universality scaling(V, = V/T):
o0 ~GoT(TE) Y2, A3~ X3(TE)32, M~ Ma(TEOTE.
@ The equilibrium moments are given by:

: 2¢0 6¢8
2
iy = \/j 1+ 0(9)] k3l = ——1)3, Ky = V}q

2(A38) — A\,

@ It is convenient to rescale the quantity by the width of the equilibrium distribu-
tion, we observe hierarchy e for different cumulants.

[ 1
b=
V4m§’
o For rescaled moments, i, = k,/b", n=223,4,...,
- . . £3
%gq = 1—|—O(€2) , /%gq = —2)\36, /Z;Zq =) [2()\3)2 — )\4} 62 , € = % .

Cumulants Evolution



The evolution of non-equilibrium P(o; 7)

@ Fokker-Planck equation descrbies the relaxation of non-equilibrium
distribution P(o, 7) towards the equilibrium distribution(Hohenberg-
Halperin, 1977),

1

mg' Teff

0, P(o;7) =

{05 [05Q0(0) + V, '0,] P(5;7)}, Teff ~ &

@ The information on the evolution of all cumulants are encoded
in Fokker-Planck equation. However, i1t not easy to gain In-
tuition on how non-Gaussian cumulants evolves by solving it
numerically.

@ Can one find a a set of equation which directly describe the
evolution of cumulants we are interested in(G, ko, K3, K4)?

Cumulants Evolution



A set of equation of cumulants evolution

o We derive, to leading order in ¢ = /£3/V/(& is larger than microscopic scale
but smaller than the size of the system), a set of equation from Fokker-Planck
equation for &, ko, k3, ka(S. Mukherjee, R. Venugopalan and YY, to appear.):

o — 00

b710.5(r) = ~7 | (5 2RE)| 1+ 00

b= 20, ko (T) = _27-e_ﬂ-'1 [F2(5)R2 — 1] [1 4+ O(e)] ,
b=, 3(7) = =318 | Fa(5)Fa(7) + €Fa(5) (7a(r))’] [L+ O(e)]

b4, ka(T) = — 47> [ Fo(5)Ra(T) + 3eF3() (Fa(T)E3(T)) + €, (,%2)2} 14 O()] .

Fn(g),n = 1,2,3,4 are polynomials of @ and only depends on the equilibrium
properties of the system.

@ Derivation is straightforward by substituting 0" into Fokker-Planck equation and
Integrate over o.

Cumulants Evolution



The Gaussian limit

o If the equilibrium distribtuion is Gaussian: Qo(c) = 1 (5 — 50)°, (k52(1) =

b2(7), kS = k3? = 0), the evolution among cumulants decouple:
3 4 )

070 = —T_g [0(7‘) oo(7)] , Orko(7T) = —27'e_ffl [/4:2(7') — kg(T)] ,
0-k3(7) = —37'e_ffll<;3(7) , Orkg(T) = —47'e_fF1/<;4(7').

@ Simple relaxation equaiton, any non-Gaussian cumulants will be damped.

o If one defines non-equilibrium correlation length £(7) = /Vara(7).
n the near equilibrium limit, it can be matched to equation used by
Berdnikov-Rajagopal:

Or [E7H(7)] = =14 [677(7) — &4 ()] -

Cumulants Evolution



Near equilibrium limit

@ If 0 — op and the deviation from equilibrium of cumulants is

~ ~ ~ e
small 0k, = &k, — ko

070(T) = —T ¢ (O' 0o) b_laTHJQ(T) = —27'e_ffl5/%2(7'),
b~30,k3(r) = —37 [5K3(7) + 46)\35/{2(7)]
b4, ka(7) = — A7 M 67a(T)+6eA3073—12¢2 [(X3)2 _ M} 5in) .

@ Coupled evolution. Lower moments will be relaxed back to the
equilibrium first.

Cumulants Evolution



Summary of Part |:

® We have derived a set of equations for the evolution of cumulants.

® The evolution of non-Gaussian cumulants are coupled to the Gaussian
cumulant and the mean.

® We now apply it to the QCD critical regime.



Phenomenological inputs

@ We will apply our equations to study the evolution of cumulants in QCD critical
regime. We therefore need phenomenological inputs.

@ We define the scaling regime with the criterion: £nin < &eq < Emax and to be
specific, we will take &max/Emin = 3 below.

@ The equilibrium distribution is known in Ising variables r, h. We need to map
them to QCD variables T, ug.(Non-universal, major uncertainty). We use linear
mapping with AT, Ap the width of critical regime in QCD phase diagram.

r—1T. h [ — [bc r

AT Ah’ AL Ar’

@ Parametrization of 7. on
eq 1S universal: g the
relaxation time at & = &nmin.

Teff = Trel (i>z -
gmin

and we use Model H, z = 3.

—0.6 —04
(U—pe)/ Ap

Cumulants Evolution



@ We will assume for each trajectory, the upg of the fireball is constant. It would
then be corresponding to a vertical line in the critical regime due to our mapping
relation.

@ Along each trajectory, we parametrize the evolution of volume and temperature
by expansion rate ny = 3 and speed of sound cZ:

V\(/IT) _ <1> | Tg) _(Tyme

Tl Tl

where V|, T, are volume and temperature of the system at 7, the time when
the trajectory hits the boundary of critical regime.

@ Initial condition: we will
assume 7, ko, K3, kK4 equal to
their equilibrium value at
T = 7y(Ter is small).

206 —04 —02 0.0
(H—pc)/Ap

Cumulants Evolution



Part |l: Evolution of cumulants in
QCD critical regime.



The evolutions

® Only one free parameter: Te/7r

® We have solved evolution equations along trajectories passing
through the critical regime.

® We label the trajectory crossing the critical regime by the
corresponding temperature and will present the non-equilibrium
value with different choices of relaxation time.

® We rescale our results by the correspondlng eqmllbrlum value at
point A.

(T-T.)/AT




Evolution of magnetization &

1.0
. 05} —_— Tre/T1=0.02
: < Trel /TI =O .05
e 9 5 00
= b ]
4: Trel/TI—O.l
0 ;‘._V_..J. .......................... —-1.0¢: . ; A ; ! : L]
-08 -06 -04 =02 0.0 0.2 04 0.6 -1.5 -1.0 -0.5 0.0 05 1.0 15
o (T,—T)/AT

® o tend to approach its equilibrium value but still fall behind

® As expected, the slowing down is most visible around Tc
where the equilibrium correlation becomes large.



Evolution of Gaussian moment

E(h)
ey 6l
I \ — Trel/TIZO.OOS
1 — Trel/TIZO.Oz
-
E 4 Tre1/T1=0.05
3 Tre1/T1=0.1
| 5 — Tl [T1=0.2
02 0,15 -0l —0.05 6.05 0.1" 1L - - - - - £
=15 -1.0 -05 0.0 05 1.0 15
(T.-T)/AT
Berdnikov-Rajagopal, 2000 Evolution of variance along a representative trajectory

® The effects of critical slowing down would delay the growth of non-
equilibrium length.

® On the other hand, memory effect also protects the memory of the
system in critical regime from being completely washed out.

® Similar to previous results.



Skewness and Kurtosis

10; — T.1/T1=0.005
i —_— Tr1/T1=0.02
F Ofmmmemmemseeneeninae CEETE VEPRPE
! Tret/T1=0.05
)
-10| \\‘ } - T /T1=0.1
\“I: —_— T /T1=0.2
-20} |

................................

-15  -10 -05 00 05 10 15
(T.—T)/AT
Evolution of skewness and kurtosis along a representative trajectory

(T,—T)/AT

® The evolution of higher cumulants might not follow the equilibrium
moments (low moments will affect the evolution of the higher one).

® Depending on the temperature at which you take the snapshot, the
non-equilibrium value can be substantially different(including sign)
from the equilibrium one.

® Evolution of higher cumulants has a richer pattern(the evolution
equations are coupled.)



Quick Synopsis

® Memory effects are important.

-15 -10 -05 0.0 05 1.0 15
(T.-T)/AT

® Gaussian cumulants approach equilibrium
first, then higher cumulants.

® The tails of evolutions for different | = .
relaxation times exhibit possible self- Tyt
similarity behavior(finite time scaling?).

20
10 | — a/1=0.005
g : — Trel/TI =0.02
¥ Trel/TIZO.OS
-10 Trel/leo-l
— Trel/ﬁ:o 2
=20

-15 -10 -05 00 05 1.0 15
(T,~T)/AT



Part lll: Implications of results for
the search for QCD critical point



Mimicking Beam Energy Scan

® Jo mimic the beam energy scan, we also solved the evolution

equations for all constant K trajectories.We therefore obtain non-
equilibrium at each point in the critical regime.

® VWe now examine the memory effects on BES scan.

® We will concentrate on the Skewness and Kurtosis and will start
with their most prominent feature: sign.

(T-T,)/AT




(Sign of)Equilibrium Skewness and Kurtosis

Red >0

Blue<0

—T¢)/AT

5 : ; ; ; ,
-09 -08 -0.7 -06 -05 -04 -03 -0.2
(U—pe)/Au

-0.6 -0.
(H=pc)/Au

Skewness Kurtosis

Following the argument by Stephanov(Phys.Rev.Lett. 102 (2009)
032301), we assume the sign of skewness is positive below cross-

over line.

How would non-equilibrium effects change the above picture?



(T-T¢)/AT

=2
-09 -0.8 -0.7 -0.6 -0.5 -04 -0.3 -0.2

Deformation effects: Skewness

2

(T-T)/AT

(T-T,)/AT

-2
(1) Z09 -08 -07 -06 -05 04  -03 -0.2 5
(u—pic)/Au 09 08 -07 -06 -05 -04  -03  -02

Trel/T1 = 0.02 Trel/Tr = 0.2 Trel/ T:_ﬂi”0-5

Non-equilibrium skewness in critical regime

® Non-equilibrium effects deforms the regime that skewness is
positive(negative).

® Non-equilibrium skewness carries the memory from deconfined
phase(negative sign).



(T-T)/AT

Deformation effects: Kurtosis

2

(T-T¢)/AT
(T-T¢)/AT

209 Zos -0.7 06 05 -04  -03 -02 209 -08 -07  -06  -05 -04  -03 02 5 TR e T s o I )
(1) A (G s (=) A
Trel/T1 = 0.02 waln =02 alrr =05

Non-equilibrium kurtosis in critical regime

® Similar for kurtosis. The boundary that kurtosis will change sign also
deform.



Skewness and Kurtosis on freeze-out
curves

® We now present non-equilibrium
results on the freeze-out curves.

(T-T.)/AT

® The relative position between the
freeze-out curves and critical regime
depends on the location of critical as L.~

~1.0 ~08 ~06 ~04 202 00

well as the width of the critical regime. (o) Ay

We fix p. = 300 MeV, Ap = 100 MeV, AT/T, = 1/8 but take T, =
160,175,190 MeV to consider three different relative positions of freeze-out
curves.We will convert i into 1/s dependence as well.

® Disclaimer: This is neither a prediction nor a fitting. The purpose is
to illustrate memory effects.



(S o)/Poisson
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® The behavior of non-equilibrium skewness can
be non-monotonous even if the equilibrium woowm o mom
skewness IS monotonous.

® The sign of non-equilibrium skewness can
be opposite to the equilibrium skewness.

® Negative contribution to skewness: e

memory effects!?

1

Skewness on freeze-out curves

Skewness on f. curves for

three different positions

of f.curves.

Vs (GeV)

15

Vs (GeV)

26

* T /T1=0.005
o T /11=0.02
* Tre/T1=0.05

Tre1/T1=0.1

* T /T1=0.2



Non-equilibrium Kurtosis(of sigma field) on

freeze-out curves

I

1] 1] T T T T l T
Au+Au Collisions
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0
=

® The flipping of sign of kurtosis is still
robust!

® The location that the sign changes depends
on non-equilibrium effects.

® The trends in data can be captured by tuning
relaxation time and the relative position of
freeze-out curve.
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18 20 22 24 26
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* T /11=0.005
o T /T1=0.02

Tre1/T1=0.05

* Tr/11=0.1

* Tpl/T1=0.2



Summary |

® We have developed a set of equations to describe the evolution of
cumulants in heavy-ion collisions.

® We illustrate possible complications the would occur in a more
comprehensive simulation(mapping between Ising model and QCD,
relative position of freeze-out curve, relaxation time etc )

® Regarding the data: keeping non-
equilibrium effects in mind are
important(such as deformation
of the boundary that sign of
higher cumulants will change).

(T-T¢)/AT

(u—pe)/Ap



Summary |

® Even in this simple model, results o oigezcomn \

are sensitive to the choice of §. '~ = | | e

parameters(relaxation time, %Zjﬁ e —— s

relative position of freeze-out ©= | S

curves). '67'475"’"""'22';3& -~ W e
® The parameter space might be o

constrained by considering * | o teniapios

correlations among cumulants, « ° | ]

finite time scaling among different 21 S R I

centrality bins. AR AT P s

6 10 20\:‘% (GeV) 100 200 Vs (GeV)

® Possibility to reveal dynamical critical properties of QCD in critical
regime(similar story at RHIC top energy, not just thermodynamic,
also hydrodynamics.)
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